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SUMMARY 
 
Biomass gasification has attracted the interest of researchers because it produces zero carbon 
to the atmosphere. This technology does not only produce syngas but also the  byproducts 
which can be used for various application depending on quality. 
 
The study conducted at Melani village in Alice in the Eastern Cape of South Africa was 
aimed at investigating the possible applications of the gasification byproducts instead of 
being thrown away. Pine wood was employed as the parent feedstock material for the gasifier. 
Biomass gasification by-products were then collected for further analysis. The studied by-
products included tar (condensate), char, soot and resin. These materials were also blended to 
produce strong materials. The essence of the blending was to generate ideal material that is 
strong but light at the same time.  
 
The elemental analysis of the samples performed by CHNS analyser revealed that carbon 
element is in large quantities in all samples. The FTIR spectra showed almost similar results 
for all the studied samples, since the samples are end products of lignocellulose gasification. 
The major functional groups observed in all the samples under FTIR included C=C, O-H, C-
H, C-O, C-C. Samples under XRD showed amorphous structure as they mostly absorbed 
within the range of 10°- 35°. SEM gave the sticky images of resin as well as porous char 
structures. Char showed a higher heating value of 35.37MJ/Kg when compared to other by-
products samples. 
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CHAPTER 1 
 
INTRODUCTION 
 
1.1   BACKGROUND TO THE STUDY 
 
Recently, the interest of researchers towards bioenergy has increased worldwide because 
biomass is widely available and due to its ability of producing electricity and clean fuels 
[Hoogwijk et al., 2009]. The hazardous emissions associated with fossil fuels has led to the 
preference of bioenergy .This  bioenergy still remains the primary source of energy for more 
than half of the world's population, and accounts for 14% of the total energy consumption in 
the world [Zeng et al., 2007]. The bioenergy production is environmentally friendly due to its 
zero emissions to the atmosphere. 
 
The composition of biomass is variable depending on the source plant, but the main 
components are cellulose, hemicellulose and lignin and other components that are often 
grouped under the name extractives [Malatji, 2009 and Wu et al., 2013]. Biomass depending 
on the species the ash content varies. Compared to agricultural biomass a woody biomass 
contains less ash and sulphur [Nemanova, 2014]. A typical biomass contains 0.05 – 0.20 wt. 
% sulphur on a dry basis, hence it is regarded as low in sulphur [Chmielniak et al., 2003]. 
 
Biomass gasification is a thermochemical process whereby solid organic derived, 
carbonaceous feedstock is converted into a product gas which is known as the syngas. The 
syngas is composed of combustible hydrogen and carbon monoxide and some other gases. 
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Biomass gasification by-products are ash, char, tar, water and hydrocarbons. The energy 
efficiency in case of gasification is higher than that of combustion [Devi et al., 2003].  
Biomass gasification process converts carbonaceous materials into charcoal giving gas as a 
by-product. The process consists of several steps which include material pre-processing, 
gasification, product gas clean-up and gas utilization [Brar et al., 2012]. The gasification step 
includes four sub steps that include: heating and drying of biomass feedstock, pyrolysis, 
oxidation and reduction. The process occurs at high temperatures ranging between 500°C to 
1400°C and pressure range that runs from atmospheric pressure to 33bar [Ruiz, 2013].  It 
occurs in the presence of gasifying agents that can be air, steam or oxygen. A useful gas 
called syngas is generated by thermochemical gasification of biomass using a gasifying 
agent, usually air [Corella et al., 2005]. 
 
1.2   BIOMASS IN SOUTH AFRICA 
 
Since the beginning of time, humans have been using biomass as an energy source. Biomass 
is preferred as an energy source because it is reliable and environmentally friendly than fossil 
fuels and it contributes zero net carbon dioxide when it is used sustainably. Therefore it is 
very important to develop appropriate and cost-effective technology in order to exploit 
biomass resources in more efficient ways (UN-Energy, 2005).   
 
Biomass in South Africa has been used as the source of energy especially in rural areas where 
there is no electricity. It is the cheapest source of energy because it can be freely collected 
from the forests without having to pay for it. Woody biomass is one of the biomass feedstocks 
commonly used almost every day as an alternative way for cooking and warming up homes. 
The highest concentration of woody biomass usage in South Africa is in Limpopo, Eastern 
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Cape, North West and KwaZulu-Natal [Damm and Ralph, 2008]. The reason is because of the 
climatic conditions and availability of vast tracks of underdeveloped land.  
 
 South Africa has a lot of waste material thrown away by the municipality which can be so 
much useful in production of synthetic gas via the process of gasification rather than being 
incinerated. Out of 108 million of waste generated in 2011, at least 97 million tons were 
discarded [DEA, 2012]. The process is environmentally friendly as it produces zero carbon 
emission to the atmosphere. The use of biomass gasification turns trash into usable energy. 
The South African government, Eskom and National Energy Regulator of South Africa 
(NERSA) are encouraging sustainable development through the use of renewable energy as it 
expands the electricity generation capacity of the country in terms of research and 
implementation [CSIR, 2013]. 
 
1.3   PROBLEM STATEMENT 
 
Biomass gasification is an old technology that is rapidly growing in terms of research and 
development of projects. The technology produces a clean fuel used for electricity production 
and fine chemical production. However, not much attention has been given to the by-products 
of the process such as resultant charcoal, liquids and tarry substances that are normally 
regarded as waste. These by-products pose a challenge to the future of the technology, hence 
there is a need to consider their further utilization in other areas so as to add value to them 
and render the technology free of waste. 
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1.4   RESEARCH OBJECTIVES 
 
The research project was aimed at investigating the characteristics of biomass gasification by-
products. In order to achieve this, the following aspects were studied. 
 
i. Investigation of the chemical and structural properties of biomass before the process 
of gasification. 
ii. Identification of by-products of the gasification process, their chemical and structural 
composition. 
iii. Investigation of the processing and use of gasification by-products for other 
applications. 
 
1.5   RESEARCH QUESTIONS 
 
i. What is the chemical and structural composition of biomass before process of 
gasification? 
ii. What are the by-products of biomass gasification? 
iii. How can these by-products be utilized in other areas? 
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1.6   METHODOLOGY 
 
1.6.1   EXPERIMENTAL 
 
1.6.1.1   FEED MATERIAL  
 
In the experiment, the type of biomass that was used is pine wood. Pine wood was chosen as 
the test material for this study due to its freely availability and low ash content generation. 
Pine wood gasification was undertaken in a 150kVA biomass gasifier at Melani village, Alice, 
Eastern Cape, South Africa. The gasifier developed by K. G. Johansson was built and 
installed in 2007.This was installed to produce gas to the engine that powers the nearby 
bakery. The construction of the gasifier was funded by Eskom. Figure 1.1 presents a flow 
chart of the gasification process that resulted in the products and by-products studied. 
 
 
 
 
 
 
 
 
 
 
              
Pine wood 
Biomass + 
heat 
Gasses 
(CO, H2, CH4, 
N2, CO2, 
H2O) 
Liquids 
(Water + pine 
wood resin) 
Wood blocks 
Preparation 
Solids 
(Charcoal + 
ash) 
Gasification 
(1500°C) Waste 
Separation and 
characterization 
Raw material 
Thermochemical 
conversion 
Products/by-products 
Figure 1.1: A flow chart of the gasification process for generation of the products and by-products 
studied 
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1.6.1.2   A  DOWNDRAFT GASIFIER 
 
A downdraft gasifier was used to carry out the process of gasification because it produces low 
tar content. To commence the process of gasification, the biomass feed material is fed into the 
reactor through top loading zone. Biomass material should contain moisture content of less 
than 20% [Jared et al., 2002].  
 
The ignition of the reactor is prepared by inserting two or three sparklers. Within the reactor, 
biomass material is combusted with limited oxygen supply. The chemical processes that take 
place within the reactor are: drying, pyrolysis/carbonization, oxidation and reduction 
reactions. These chemical reactions are occurring simultaneously at different zones within the 
gasifier. Combustion occurs in the oxidation zone. Introduced air in the oxidation zone 
contains inert gases such as nitrogen and argon; these gases are considered to be not reactive 
with the constituents of the fuel [Mamphweli and Meyer, 2010].  
 
Eventually, the unconverted char and ash pass through the bottom of the grate and are sent to 
disposal. The condensates are collected via condensate tank for disposal. Figure 1.2 presents 
the downdraft gasifier with different zones. 
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Figure 1.2: Downdraft Gasifier with different zones [adapted from Bhavanam Sastry, 2011] 
 
1.6.2    MATERIAL CHARACTERIZATION 
 
The improvement of energy conversion process for biomass requires an understanding of the 
chemical composition and behaviour of the biomass to be converted. The composition of 
pinewood was determined using ultimate and proximate analyses with a view to establish not 
only its composition but also its thermal parameters as well as its energy content. The by-
products of pinewood gasification were also characterized to establish their potential for 
utilization in other areas such as polymers, chemical industries, medicines, fragrances, 
filtration, etc. The ultimate analysis includes elemental analysis of the dominating elements 
such as Carbon (C), Oxygen (O2), Nitrogen (N), Hydrogen (H2), and Sulphur (S). The 
proximate analysis was undertaken to determine moisture content, volatile matter, fixed 
carbon and ash content. The characterization also included Oxygen Bomb Calorimeter, SEM, 
CHNS, XRD as well as FTIR analysis. 
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1.7   DELINEATION AND LIMITATIONS 
 
The study investigated the characteristics and the applications of the by-products produced 
from a 150kVA downdraft gasifier. It involved the ultimate and proximate analysis of the by-
products as well as characterization using different techniques. The possible applications of 
the by-products in other areas were then studied based on the obtained results. The research 
did not focus on the syngas produced, its purification and utilization. The mass and energy 
balance of the system were neglected. 
 
1.8   RATIONALE/ SIGNIFICANCE OF THE STUDY 
 
The need for imported fossil fuels could be decreased by increasing the production of energy 
fuels from woody waste material [Puettmann, 2012]. Bioenergy is renewable and easily 
accessible. Its easy accessibility implies that it is cheap and affordable.  It is one of the most 
widely used bio-fuel because it is a reliable, environmentally friendly renewable source than 
fossil fuels and it reduces carbon dioxide emission. Biomass offers great potential to decrease 
production of greenhouse gas [Dogru, 2002]. The gases produced from the process of 
biomass gasification can be converted to biofuels and chemicals such as Fischer-Tropsch 
fuels, green gasoline, hydrogen, dimethyl ether, ethanol, methanol, and higher alcohols 
[Kumar et al., 2009]. 
 
It is estimated that 90% of world energy consumption comes from fossil fuels. The use of 
fossil fuels as an energy causes serious social and economic problems. The main 
environmental problem is the global warming. 
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The design and the operation of biomass combustion systems significantly relies on biomass 
characteristics such as the heating value, moisture content, elemental composition, ash 
properties, etc. Therefore it is of great importance to characterise physical and chemical 
properties of biomass and its products. Many researchers have worked on biomass 
gasification but did not put the focus on by-products of gasification. Hence it is important to 
focus on the environmental aspect. This project was aimed at bridging this information gap 
since not much work has been done on this perspective. The success of the study will help in 
keeping the expected life span of the gasifier with reduced clogging and other problems. 
 
1.9   DEFINITION OF TERMS 
 
The following terms are frequently used throughout the dissertation and should be vividly 
understood as defined in this section unless the context suggests otherwise. 
 
Biomass refers to organic matter that can be used as a fuel.  
 
Biomass gasification is a thermochemical process that converts organic material to syngas 
under a controlled supply of air, oxygen or even steam. 
 
By-products are unwanted products of the gasification process which are normally regarded 
as waste. 
 
Cyclone carbon fine particles are fine particles of carbon trapped in cyclone part of the 
gasifier system as the gas passes for purification. 
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Gasifier is the reactor component of the gasification system. 
 
Gasifier tar/resin tarry hydrocarbons released from devolitalization stage of gasification 
process to the condensate tank 
 
Pure material refers to unblended samples 
 
Pyrolysis refers to thermal destruction of organic material in the absence of oxygen. 
 
Scrubber carbon fine particles are fine particles of carbon that managed to escape with 
scrubber water during gas purification. 
 
Syngas is a mixture of gases primarily consisting of hydrogen, carbon monoxide and some 
carbon dioxide. 
 
1.10   DISSERTATION OUTLINE 
 
This dissertation is divided into five chapters. A summary of the five chapters and an 
overview of the scope of the study is provided in this section. 
 
Chapter one provides the background of the study. The objective of the research and research 
questions are presented in this chapter. The significance of the study is explained in this 
chapter. Limitations and delineation of the study are also presented in this chapter  
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Chapter two is a synthesis of the relevant literature on the composition and properties of 
biomass materials. The various types of gasifiers have been discussed in this chapter with 
their advantages and disadvantages. The biomass gasification by-products have been 
identified and discussed. The various uses of the by-products of the gasification process are 
also presented in this chapter. 
 
Chapter three presents the methodology of the research used to collect data. These include 
ultimate analysis. The different instruments used to acquire various data sets to achieve the 
objectives of this study are presented and discussed in this chapter  
 
Chapter four presents the results obtained for this research. These results include proximate 
and ultimate analysis. The spectra results obtained from XRD and FTIR are presented in this 
chapter. The elemental analysis and images of the analytes are presented. The calorific values 
of the measured samples are also presented in this chapter.  
 
Chapter five provides summary, conclusion and recommendations of the study. This is where 
the major contributions of the research are presented and a conclusion drawn from the results 
is also presented in this chapter. The conclusion was based on the objectives of the study. 
 
In addition to the five chapters, there is also an appendix section that presents the research 
outputs associated with this work. 
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CHAPTER 2 
 
REVIEW OF LITERATURE 
 
2.1 BIOMASS FEEDSTOCK 
 
Biomass is the organic matter that can be used to produce fuels, chemicals, electricity and 
other products. Biomass resources include agricultural residues, animal manure, wood wastes 
from forestry and industry, residues from food and paper industries, municipal green wastes, 
sewage sludge [Muzee, 2012]. The chemical composition varies with the type of biomass 
material but the fundamental components of the plant biomass include cellulose, 
hemicellulose, lignin and some extractives. The preparation and properties of the biomass 
feedstock are key design parameters when choosing the gasifier system [McKendry, 2002 
(3)]. Low moisture content biomass feedstock is used in thermo-chemical gasification process 
and high moisture content in the bio-chemical process. 
 
2.1.1. TYPES OF BIOMASS 
 
Some of the types of biomass include: woody biomass material, aquatic plants, grasses/ 
herbaceous plants, agricultural residues and waste from municipality. Figure 2.1 presents 
different sources of biomass. 
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Figure 2.1: Different types of biomass sources [Biomass Innovation Centre, 2013; Chhiti et 
al., 2011] 
 
2.1.2   CHEMICAL COMPOSITION OF BIOMASS 
 
Each and every biomass type is composed of carbon, hydrogen, and oxygen as major 
chemical constituents and the fractions of these elements can be quantitatively measured with 
the ultimate analysis [Bhavanam and Sastry, 2011]. The chemical composition of biomass 
varies with the type of biomass. Different types of biomass are composed of different 
chemical structures; hence their reactivity will also not be the same. The elements commonly 
found in biomass include: C, O, H, N, Ca, K, Si, Mg, Al, S, Fe, P, Cl, Na, Mn, and Ti and 
these elements are arranged in decreasing order of their abundance [Vassilev et al., 2010]. 
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2.1.2.1 CELLULOSE 
 
Cellulose is a water insoluble, fibrous, tough material that prevents damage of the cells and 
maintains structure of the plant cell wall [Habibi et al., 2009]. It is a polysaccharide structure 
of β-D glucopyranose unit joined together with (1-4) glycosidic bonds. Glycosidic bond joins 
carbohydrates to another group, which may or may not be carbohydrate between hemiacetal 
group of a saccharide and hydroxyl group. Repeating β-D glucopyranose units and three 
hydroxyl groups per anhydroglucose unit (AGU) give the cellulose molecule a high degree of 
functionality [Peng et al., 2011]. The cellulose structure is crystalline, which is unusual for a 
polysaccharide and this crystallinity of cellulose vary with respect to its source [FitzPatrick, 
2011]. The chemical structure of cellulose is presented in Figure 2.2. 
 
                               n
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Figure 2.2: The simpler chemical structure of Cellulose [Adapted from FitzPatrick, 2011] 
 
2.1.2.2 HEMICELLULOSE 
 
Hemicellulose is a polysaccharide made up of different sugars. The hemicellulose fraction of 
lignocellulosic biomass is an amorphous polymer that is generally comprised of five different 
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sugar monomers, D-xylose, L-arabinose, D-galactose, D-glucose, and D-mannose, with 
xylose being the most abundant [Alonso et al., 2010]. The five saccharides are grouped into 
hexoses (glucose, mannose and galactose) and pentoses (xylose, arabinose). The difference 
between cellulose and hemicellulose is that hemicellulose is a branched polysaccharide 
whereas cellulose is linear polysaccharide. The chains of hemicellulose are shorter when 
compared to simpler cellulose, they can be branched and have side attaching groups like 
acetyl groups and monosaccharides [FitzPatrick, 2011]. The structure of hemicellulose is 
presented in Figure 2.3. 
 
 Figure 2.3(a): Structure of primary sugar groups in Hemicellulose. a) Glucose, b)                                  
Mannose, c) Galactose, d) Xylose, e) Arabinose [FitzPatrick, 2011] 
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Figure 2.3(b): Represents the complete chemical structure of Hemicellulose [Adapted from      
Astner, 2012] 
 
2.1.2.3 LIGNIN 
 
Lignin provides plants with rigidity structure and a hydrophobic vascular system for the 
transportation of water and solutes. It surrounds the hemicellulose and cellulose fractions. 
Lignin can be removed from biomass to isolate the carbohydrate fraction through 
depolymerisation/ solubilisation in alkaline-alcohol solutions. Residual lignin can be 
collected following pre-treatment and acid or enzymatic hydrolysis for the extraction of 
pentose and hexose sugars [Alonso et al., 2010]. Lignin limits the degradation of structural 
polysaccharides by hydrolytic enzymes [Grabber, 2005]. Lignin structure depends on wood 
species as well as the location of the lignin within the plant; softwoods generally have higher 
lignin content (26–34%) than hardwood (23–30%) [Amaral et al., 2014 and FitzPatrick, 
2011]. The structure of the lignin is illustrated in the Figure 2.4. 
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Figure 2.4: The chemical structure of lignin [SMRI, 2011] 
 
2.2 PROPERTIES OF BIOMASS  
 
2.2.1 PHYSICAL PROPERTIES 
 
The physical properties of biomass include the calorific value, bulk density, alkali metal 
content, ash/ residue content, moisture content, proportion of fixed carbon and volatiles. An 
overview of these properties is as follows: 
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2.2.1.1 CALORIFIC VALUE (CV) 
 
Calorific value (CV) refers to the amount of heat released when the biomass material is 
combusted. It is one of the most important properties of biomass fuels for design calculations 
or numerical simulations of thermal conversion systems for biomass [Sheng and Azevedo, 
2005]. Calorific value is quantified in terms of the energy content per unit mass, or volume. 
In gaseous phase the units of measurements are MJ/Nm
3
, MJ/kg for solid state and MJ/l for 
liquids. 
 
The calorific value of a fuel is categorized into two forms, which are higher heating value 
(HHV) and lower heating value (LHV).Higher heating value (HHV) is the maximum amount 
of energy that can be potentially recoverable from a certain biomass material, whereas lower 
heat value (LHV) is the energy available for use [McKendry, 2002(1)]. The calorific value of 
a given biomass is greatly reduced by its high moisture content. The higher heating value 
includes the latent heat of vaporization for the moisture in the material, which is not available 
for use whereas the lower heating value excludes this energy. 
 
2.2.1.2 BULK DENSITY 
 
Bulk density is defined as the weight of biomass material divided by volume occupied by 
biomass. Bulk density is one of the most significant characteristics of biomass both as 
produced and as-subsequently processed. The importance of the as-produced, bulk density is 
in relation to transport and storage costs. The density of the processed product impacts on 
fuel storage requirements, the sizing of the materials handling system and how the material is 
likely to behave during subsequent thermo-chemical/bio-chemical processing as a 
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fuel/feedstock. Bulk density of biomass material is increased by transportation, handling, and 
storage, this can be caused by compaction due to vibration, tapping, or normal load 
[Chevanan et al., 2010]. 
 
2.2.1.3 ALKALI METAL CONTENT 
 
Alkali metal content of biomass is significant for thermo-chemical conversion process. Alkali 
metals react with silica found within the ash to produce a sticky, mobile liquid state, which 
can lead to obstructions of air routes within the furnace and boiler plant [McKendry, 
2002(1)]. Alkali compounds evaporate at high temperatures above 700°C during gasification, 
below 650°C when condensed and form particles (<5 μm) in downstream equipment [Kumar 
et al., 2009]. They stick to metal surfaces, which ends up in corrosion. Alkali salts reform and 
converts syngas into hydrocarbons by inactivating the catalyst used in tar cracking if a 
catalyst is used for this purpose. 
 
2.2.1.4 ASH CONTENT 
 
Ash is the non-combustible content of biomass. Ash content is derived from the conversion of 
biomass feedstock to fuel by thermo-chemical process. Biomass ash predominantly consists 
of elements, such as potassium, calcium, sulphur, sodium, iron, silicon and other trace 
elements [Malatji, 2009]. High ash content causes pollution problems. Wood core (without 
bark) has less than 1% ash and its bark can have up to 3% ash [Clarke et al., 2011]. In a 
thermo-chemical conversion process, the chemical composition of the ash can show some 
operational problems because during combustion the ash can react to form a stony waste 
20 
 
matter [McKendry, 2002(1)]. More ash content implies more equipment maintenance. The 
high ash content also, implies lower energy value of the biomass material. 
 
2.2.1.5 MOISTURE CONTENT  
 
Moisture content of biomass refers to the amount of water found in the biomass and is 
normally expressed as percentage of the material weight. High moisture content decreases the 
temperature in the oxidation zone, which then results in the incomplete combustion of the 
hydrocarbons released from the pyrolysis zone. The low moisture content of feedstock 
increases the heating value [Ghassemi and Shahsavan-Markadeh, 2014]. The upper limit of 
moisture content acceptable is around 40% on dry basis in downdraft reactor, while higher 
values of moisture content could be used in updraft reactor [Bhavanam and Sastry, 2011]. 
Biomass material can undergo thermochemical or biochemical conversion process. High 
moisture content of a feedstock favours biochemical process (fermentation), while 
thermochemical conversion process is favoured by low moisture content. 
 
2.2.1.6   PROPORTION OF FIXED CARBON AND VOLATILES 
 
Fixed carbon (FC) is defined as the remaining material after the determination of volatile 
matter, moisture content, and ash content. The amount of fixed carbon determines the 
efficiency of the biomass conversion equipment. Volatile matter (VM)/Volatile content of a 
solid material is the percentage released in form of a gas (including moisture content) by 
combustion.  
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Volatile matter (VM) and fixed carbon (FC) contents are significant because they provide a 
measure of simplicity with which the biomass can be ignited and gasified, or oxidised, 
depending on how the biomass is to be utilized as a source of energy [McKendry, 2002(1)].  
 
2.3   CONVERSION OF BIOMASS 
 
When biomass material is collected, many conversion processes are allowed to take place 
during its conversion to energy. The biomass material can be converted through biological or 
thermochemical conversion processes. Thermochemical gasification process of biomass 
produces a useful gas (a mixture of H2, CO, CO2 CH4, small hydrocarbons) using a gasifying 
agent, usually air [Corella et al., 2005]. In biological process biogas is produced by 
conversion of biomass material by bacteria. Biogas is mainly composed of carbon dioxide 
and methane. 
 
2.3.1   THERMO-CHEMICAL CONVERSION PROCESS 
 
There are three main thermochemical conversion processes for biomass materials, and they 
are: 
 
I. Combustion Process 
II. Pyrolysis 
III. Gasification Process  
The research is focussed on biomass gasification; therefore the two other processes will not 
be discussed in this research. 
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2.3.1.1   GASIFICATION PROCESS 
 
The generation of syngas in the presence of heat with limited oxygen supply from an organic 
feedstock is known as the gasification process. However, this process does not only produce 
syngas but by-products as well. The syngas formed is contaminated by some constituents 
such as particles, alkali metals, nitrogen components, tars, sulfurs and chlorides [Couto et al., 
2013]. Biomass gasification occurs under extremely high temperatures that can rise up to 
1500°C. Inside the gasifier system the loaded feedstock gets through dehydration zone, 
devolatilization zone, oxidation zone and eventually reach reduction zone. During 
gasification process, air, pure oxygen, steam or a mixture of these gases is used as gasifying 
agent [Bhattacharya et al., 2014 and Jared et al., 2002]. The process of gasification includes 
both biochemical and thermochemical processes. The quantity of produced volatiles and their 
compositions depend mainly on the type of gasifier, temperature, as well as the characteristics 
of fuel material. 
 
2.4.1   TYPES OF GASIFICATION PROCESSES  
 
Figure 2.5 presents the processes of biomass gasification. 
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Figure 2.5: Biomass gasification process [Adapted from Sadaka et al., 2002] 
 
2.4.1.1   HYDROGEN GASIFICATION 
 
Hydrogen can be used as one of the reactive agent in gasification, but its use requires high 
pressure. It is of great importance to monitor the reaction conditions since the majority of the 
products are normally in the gaseous state. This process is unfavourable because of the degree 
of control necessary as well as the fact that hydrogen must be readily available [Sadaka et al., 
2002]. 
2.4.1.2   OXYGEN GASIFICATION 
 
Oxygen-based gasifiers produce a product gas containing a relatively high concentration of 
hydrogen and CO with a heating value between 10 and 20 MJ/m
3
 [Jared et al., 2002 and 
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Shrivastava, 2012]. The use of oxygen rather than air as the gasifier agent decreases the 
quantity of nitrogen supplied to the gasification reactions, which creates a medium energy 
syngas that is much lower in nitrogen and higher in methane, hydrogen and carbon monoxide 
[Sadaka et al., 2002]. Oxygen gasification results in high content of CO, H2, CO2, and H2O 
with a relatively low methane and tar content [Wiinikka et al., 2014]. Medium energy syngas 
can be used for a wide variety of applications and can be transported through a pipeline due 
to its relatively low tar content. A drawback to the use of oxygen as a reactive agent is the 
need for a nearby source of oxygen, which may increase capital and operating costs. 
   
2.4.1.3   STEAM GASIFICATION 
 
Steam-based gasifiers produce a product gas containing a relatively high concentration of 
hydrogen and carbon monoxide with a heating value between 10 and 20 MJ/m
3
. In steam 
gasification, steam can be added from an external source or obtained from the water vapour 
within the fuel. Syngas energy produced from gasification in the presence of steam is at high 
levels when compared to the air as a gasifying agent. Steam gasification generates more tar in 
the producer gas than air gasification [Hejazi et al., 2014]. Steam gasification is used to 
recycle waste in a bubbling fluidized reactor [Slapak et al., 2000]. The reaction of steam and 
carbon monoxide produces hydrogen and carbon dioxide. The principal gas-phase reaction in 
the steam gasification system is the water gas-shift reaction:  
                                              CO+H2O→ CO2+H2……………………………………... (2.1)     
Under low temperature conditions, low heat rates and high pressure, secondary reactions 
involving tars occur, but these reactions are not as prevalent under conditions of low pressure, 
high temperature and high heat rates. Gasification in the presence of steam as a gasifying 
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agent produces a higher energy product gas relative to using air as the gasifying agent 
[Hosseini et al., 2012].  
     
2.4.1.4   AIR GASIFICATION 
 
Air-based gasifiers normally produce a syngas containing a relatively high nitrogen 
concentration with a low heating value ranging between 4 and 6 MJ/m
3
 [Bhattacharya et al., 
2014 and Jared et al., 2002]. During air gasification, the nitrogen dilutes the produced gas 
and softens the increase of some parameters.  Air-blown gasification process is a simpler 
technique in comparison to oxygen or steam-blown gasification [Kim et al., 2013]. The 
excess char content produced from the pyrolysis process within the reactor is burned with a 
limited supply of air. 
 
In air gasifiers, the temperature of the gasifier depends on biomass feed rate and the rate of 
air flow, if the inlet air is low, the system results in low bed temperature which produces low 
gas and higher levels of tar. Air gasification is a less complicated technology therefore many 
researchers are strongly using it for various types of biomass. 
 
2.4.2   MECHANISM OF GASIFICATION 
 
During gasification, as gasifying agent passes through the fuel bed a lot of processes are 
taking place. The processes that occur are drying, pyrolysis, oxidation and reduction. The 
location of the reaction zones primarily depends on the relative movement of the fuel and air. 
The depth and importance of each stage highly depends on the chemical composition of the 
feedstock, its moisture content and particle size, the mass current of the gasifying agent, and 
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the temperature [Sadaka et al., 2002]. The temperatures of the reactions vary from zone to 
zone. Figure 2.6 presents the different zones within the downdraft gasifier system. 
 
 
Figure 2.6: Different zones of downdraft gasifier 
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2.4.2.1    DRYING /DEHYDRATION ZONE 
 
This is a zone where moisture is reduced using the heat. The rate of drying of biomass mainly 
depends on the surface area of the biomass material, the temperature difference between the 
feed and the hot gases, the re-circulation velocity and relative humidity of these gases as well 
as the internal diffusivity of moisture within the fuel [Dogru et al., 2002]. The temperature of 
drying zone is about 70–200°C. 
 
2.4.2.2    PYROLYSIS ZONE 
 
Pyrolysis zone is where the dried biomass is thermally broken down into char, tar and gases 
in the absence of air. In pyrolysis zone, the irreversible thermal degradation of dried fuel 
descending from the drying zone takes place using the thermal energy liberated by the partial 
oxidation of the products of pyrolysis. The pyrolysis zone produces solid char, condensates 
and gas mainly composed of CO, CO2, H2, CH4 and higher hydrocarbons [Jaojaruek and 
Kumar, 2009]. The temperature of the pyrolysis zone is approximately 350–600°C. The 
pyrolysis oil produced can further be converted into chemicals and fuels [Anderson et al., 
2013 and Gujar et al., 2014]. 
 
2.4.2.3   OXIDATION ZONE  
 
Combustion occurs in the oxidation. This combustion is due to the introduction of air that 
contains inert gases such as nitrogen and argon, these gases considered to be non-reactive 
[Mamphweli and Meyer, 2009(a)]. In oxidation zone, the volatile products produced from 
pyrolysis are oxidised partially in highly exothermic reactions resulting in a speedy increase 
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in temperature up to 1200°C in the throat region and the heat generated is used to drive the 
drying and pyrolysis of the fuel and the gasification reactions. Gas is consumed before it can 
spread to the surface of the char; this is due to the rapid reactivity of the volatiles. When air is 
used as a gasifying medium its oxygen content decreases from 21% to 0%, while the carbon 
dioxide percentage increases proportionally [Sadaka et al., 2002]. The injected gas then reacts 
with tar and char to yield carbon dioxide and water. The combustion is generally noted by the 
yellow flames [Zhang et al., 2010]. 
 
2.4.2.4   REDUCTION ZONE/ GASIFICATION ZONE 
 
Reduction zone is commonly known as gasification zone. In this zone, the char is converted 
to the produced gas by reaction with the hot gases from the upper zones and the gases are 
reduced to form a greater proportion of H2, CO,CH4, C2H6 and C2H6 [Midilli et al., 2001]. 
The combustible gases leave the gasifier at a temperature between 200 and 500°C and are 
loaded with dust, pyrolytic products (tar) and water vapour. The collected gas products are 
then cooled and cleaned to remove the unnecessary contaminants. 
 
2.4.3   BASIC CHEMISTRY OF BIOMASS GASIFICATION 
 
During the process of gasification, many chemical reactions are taking place within the 
reactor. The occurring reactions are summarised as follows : 
Partial oxidation        C + ½ O2  ↔ CO                        dH= -268 MJ/kg mole …... (2.2) 
Complete oxidation   C + O2     ↔ CO2                        dH= -406 MJ/kg mole …... (2.3)    
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Water gas reaction     C + H2O   ↔   CO + H2                dH= +118 MJ/kg mole …. (2.4) 
For the latter three processes, the heats of reaction divulge that the largest energy release is 
coming from the complete oxidation of carbon to carbon dioxide (combustion), while the 
partial oxidation of carbon to carbon monoxide (CO) accounts for only about 65% of the 
energy released during complete oxidation. Carbon monoxide (CO), hydrogen (H2) and steam 
(H2O) can undergo further reactions during gasification as follows: 
Water gas shift reaction      CO + H2O    ↔   CO2 + H2      dH= -42 MJ/kg mole … (2.5) 
Methane formation           CO + 3H2     ↔     CH4 + H2O   dH= -88 MJ/kg mole… (2.6) 
The negative heats of reaction imply that the reactions are exothermic while endothermic 
reactions have positive heat of reaction. The reactions are in equilibrium and they can yield 
more of the reactants or more of the products depending on the temperature, pressure and 
concentration of the reacting species [McKendry, 2002(3)]. 
 
2.5   TYPES OF GASIFIERS 
 
Gasifiers are classified according to the way air or oxygen is introduced in it, the air 
introduced then interacts with biomass within the gasifier. The gasifiers can be classified as 
fixed bed gasifier and fluidised bed gasifier. Fluidised bed gasifiers are divided into bubbling 
fluidized gasifier and circulating fluidized gasifier, while fixed bed gasifiers consist of 
downdraft, updraft and cross-draft gasifiers. Classification of the gasifiers is based on the 
means of supporting the feedstock material in the gasifier, the direction of the flow of both 
the feedstock and gasifying agent, as well as the way heat is supplied to the reactor. 
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2.5.1   FIXED BED GASIFIER 
 
The fixed bed reactors have been the traditional process used for gasification, being operated 
at temperatures around 1000ᴼC. Fixed bed gasifier can be countercurrent, co-current or 
crosscurrent flow of mass [Warnecke et al., 2000]. Each gasifier is named by the direction of 
the reactive material which can be air or steam. Fixed bed gasifier has a grate at the lower 
section of the reactor which supports the fuel. Fuel is loaded from the top of the gasifier and 
will be stationary on the grate. The grate is then moved by the external handle to ensure that 
the fuel bed is properly reacted.  
 
2.5.1.1   DOWNDRAFT GASIFIER 
 
Downdraft gasifier is also known as co-current flow gasifier. The mechanical configuration is 
the same as the updraft reactor except that the air and producer gases flow down the gasifier, 
in the same direction as the biomass. The downdraft gasifier is cheaper and produces low tar 
(~0.1%) during gasification [Singh et al., 2014]. Downdraft gasifier uses feedstock with 
moisture content of less than 25% [Prokkola et al., 2014]. The moisture content vaporized 
from the biomass material enters the gasification zone and serves as a gasifying agent.  
 
The biomass material is introduced at the top of the gasifier, and the reactive agent is 
introduced through a set of outlets on the side of the gasifier. The introduced biomass goes 
through the drying zone, pyrolysis zone, oxidation and reduction zone. Air and biomass are 
ignited in the reaction zone at the top of the gasifier. The syngas with less tar content leaves 
the gasifier from the bottom. The final product gases, which leave the reactor from the 
bottom at a fairly high temperature (700ᴼC) containing less tar content than the updraft 
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gasifiers. This type of a gasifier produces the cleanest syngas containing less than 1g/Nm
3
 tar 
content [Menya, 2012]. 
 
The less tar content decreases the need for syngas cleaning. The solid unconverted residue 
forms an ash pit at the bottom of the gasifier, the ash pit then gets discarded. Figure 2.7 
illustrates a downdraft gasifier system with different processes. 
 
 
Figure 2.7: Downdraft gasifier [Adapted from Mamphweli and Meyer, 2009] 
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a) Advantages of Downdraft gasifier [Guo et al., 2014; Jared et al., 2002 Rajvanshi,  
1983] 
 
i. Flexible adaptation of gas production to load 
ii. Low sensitivity to charcoal dust and tar content of fuel  
iii.  Up to 99.9% of the tar formed is consumed, requiring minimal or no tar clean-up in 
the gas 
iv.  Minerals remain with the char/ash, reducing the need for a cyclone 
v. Proven, simple and low cost process 
 
b) Disadvantages of Downdraft gasifier [Jared et al., 2002; Rajvanshi, 1983; Reed and 
Das, 1988 and Shrivastava, 2012] 
 
i. Design tends to be tall 
ii. Not feasible for very small particle size of fuel 
iii. Requires feed drying to a low moisture content (<20%) 
iv.  Syngas exiting the reactor is at high temperature, requiring a secondary heat recovery 
system 
v. About  4-7% of the carbon remains unconverted 
 
2.5.1.2   CROSS-DRAFT GASIFIER 
 
In cross-draft gasifier, the operations are the same as downdraft except that the syngas is 
produced on the opposite side. The air is introduced near the bottom of the gasifier and 
product gas is given off on the opposite side. The oxidation and drying zones are 
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concentrated on the sides of the gasifier [Sadaka et al., 2002].  Ash is removed at the bottom 
and the temperature of the gas leaving the unit is about 800–900 ᴼC, as a consequence this 
gives a low overall energy efficiency of the process and a gas with high tar content 
[McKendry, 2002(3)]. The diagram in Figure 2.8 shows different processes occurring in the 
cross-draft gasifier. 
                        
 
Figure 2.8: Cross-draft gasifier [Adapted from Mamphweli and Meyer, 2009] 
 
a) Advantages of cross-draft gasifier [Rajvanshi, 1983 and Shrivastava, 2012] 
 
i. Short design height 
ii. Very fast response time to load 
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iii. Flexible gas production 
 
b)  Disadvantages of cross-draft gasifier [Rajvanshi, 1983 Shrivastava, 2012] 
 
i. Very high sensitivity to slag formation 
ii. High pressure drop 
 
2.5.1.3   UPDRAFT GASIFIER 
 
The updraft is also known as a countercurrent flow gasifier where the air and other gasifying 
agents are loaded from the bottom, while the biomass is fed from the top and moves 
downward under the force of gravity [Asadullah, 2014]. It is the oldest and simplest form of a 
gasifier. The biomass material is loaded on top of the gasifier, and a grate at the bottom of the 
gasifier is supporting the reacting bed. The highest concentration of gasifying agent is 
introduced below the grate and moves up the bed of biomass and char. Liberation of water 
and carbon dioxide is due to the complete combustion of char occurring at the bottom of the 
bed. The gas produced by an updraft gasifier usually leaves at low temperatures 
(approximately 400ᴼC), contains hydrocarbons and has high tar content [Pedroso et al., 2013 
and Sadaka et al., 2002]. A diagram of updraft gasifier showing different zones is shown in 
Figure 2.9 
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Figure 2.9: Updraft gasifier [Adapted from Mamphweli and Meyer, 2009] 
 
a) Advantages of updraft gasifier [Held, 2012; Jared et al., 2002 and Rajvanshi, 1983] 
 
i. Simple, low cost process 
ii.  Able to handle biomass with a high moisture and high inorganic content (e.g., 
municipal solid waste) 
iii.  Proven technology 
iv. Small pressure drop 
v. Good thermal efficiency 
vi. Little tendency towards slag formation 
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b)  Disadvantages of updraft gasifier [Li et al., 2004; Rajvanshi, 1983 and Jared et al., 
2002] 
 
i. Syngas contains 10-20% tar by weight, requiring extensive syngas clean-up before 
engine, turbine or synthesis applications 
ii. Great sensitivity to tar and moisture content of fuel 
iii. Relatively long time required for start-up of IC engine 
iv. Poor reaction capability with heavy gas load 
 
2.5.2   FLUIDISED BED GASIFIER 
 
A fluidized bed reactor consists of a bed made of an inert material (such as sand, ash or char) 
that acts as a heat transfer medium [Sadaka et al., 2002]. In fluidized bed gasifiers, the zones 
of reaction are clearly separated because the drying, pyrolysis and gasification reactions are 
all occurring at one stage. Fluidized bed gasifiers are categorized by configuration and the 
velocity of the gasifying agent. This gasifier type can be classified into bubbling fluidized 
bed and circulating fluidized bed.  
 
2.5.2.1   BUBBLING FLUIDIZED GASIFIER 
 
A bubbling fluidized bed reactor consists of tiny, inert particles of alumina or sand, which 
have been selected for density, size, and thermal characteristics [Jared et al., 2002]. Ash and 
some of the fine bed material contained in the syngas are separated out in a cyclone [Brown, 
2006]. This type of gasifier is more expensive, complicated and produces a gas that has a 
high heating value [Salam et al., 2002]. The biomass is fed on top of the gasifier to increase 
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the pyrolysis process at the freeboard zone [Surjosatyo et al., 2010]. As the gasifying agents 
are injected as non-reactive particles, a point is reached when the frictional force between the 
particles and the gas counterbalances the weight of the solids. 
 
a) Advantages of bubbling fluidized-bed gasifiers [Cruz-Ceballos, 2013 and Jared et al., 
2002]: 
 
i. Yields a uniform product gas 
ii. Exhibits a nearly uniform temperature distribution throughout the reactor 
iii. Provides high rates of heat transfer between inert material, fuel and gas 
iv.  High conversion possible with low tar and unconverted carbon 
v. Able to accept a wide range of fuel particle sizes, including fines 
 
b) Disadvantages of bubbling fluidized-bed gasifiers [Jared et al., 2002]: 
 
i. Large bubble size may result in gas bypass through the bed 
 
2.5.2.2   CIRCULATING FLUIDIZED GASIFIER 
 
Circulating fluidized reactor is similar to the bubbling fluidized reactor but circulating reactor 
has the ability of re-circulating the sand particles involved in the process [Ravindran, 2011]. 
Circulating fluidized bed gasifier operates at gas velocities higher than the maximum 
fluidization point, resulting in the entrainment of the particles in the gas stream. In circulating 
fluidized reactor the velocity of the upward ﬂowing gasiﬁcation agent is around 5–10 m/s 
[Belgiorno et al., 2003]. The entrained particles in the gas exit the top of the reactor, are 
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separated in a cyclone and returned to the gasifier [Jared et al., 2002].Circulating gasifiers are 
able to withstand high capacity throughputs and are mainly used in the paper industry for the 
gasification of bark and other forestry residues [McKendry et al., 2002(3)]. Circulating 
fluidized bed gasifier are more flexible but are still limited by the fine feedstock quantity that 
they can process [Worley and Yale, 2012]. 
 
a) Advantages of circulating fluidized-bed gasifiers [Ahrenfeldt et al., 2011; Jared et al., 
2002 and Siedlecki et al., 2011]: 
 
ii. Suitable for rapid reactions 
iii. High heat transport rates possible due to high heat capacity of bed material 
iv. High conversion rates possible with low tar and unconverted carbon 
 
b) Disadvantages of circulating fluidized-bed gasifiers [Jared et al., 2002]: 
 
i. Temperature gradients occur in direction of solid flow 
ii. Size of fuel particles determine minimum transport velocity; high velocities may result 
in equipment erosion 
iii. Heat exchange less efficient than bubbling fluidized-bed 
 
2.6   PRODUCTS AND BY-PRODUCTS OF BIOMASS GASIFICATION 
 
Biomass gasification converts carbonaceous materials into charcoal giving gas as a by-
product, however the gas is largely regarded as the main product it is the useful part of the 
by-products. The process also produces a number of other by-products that are considered as 
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waste, these include char, tar, fine carbon particles, condensates (water and tar) and other 
hydrocarbons. 
 
The by-products of gasification process are released as waste products from the gasifier 
system. These by-products can be collected, processed and used in different applications. The 
basic types of biomass gasification by-products to be considered include char, tar and soot. 
These by-products can be blended to generate stronger materials which can then be employed 
in different areas.  
 
2.6.1   CHAR 
 
Char phase is an unconverted material mainly composed of carbon, minerals, and metals that 
are present in the raw substrate; this is pyrolysed in a zero or low oxygen environment 
[Verheijen et al., 2009]. Some of the metals that are found in biomass char include copper, 
iron, manganese, or magnesium as well as minerals such as calcium, potassium, or 
phosphorus which will not enter the gas phase at characteristic gasification temperatures of 
500-900ᴼC [Klinghoffer et al., 2011]. If there is higher carbon content within the unconverted 
matter, then it is called char and ash when it has lower carbon content. Char can easily be 
gasified to recover its energy without the need of regeneration [Song et al., 2014]. Char can 
be further burnt to produce heat and ash. Char has a porous structural morphology. 
 
This char is detrimental to the future of the gasifier because it may cause clogging which will 
require often maintenance of the system; char content is directly proportional to the 
maintenance of the gasifier system. Although char is regarded as a waste within the life of a 
gasifier system, it has positive applications in other areas. 
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2.6.1.1   APPLICATION OF CHAR IN OTHER AREAS 
 
It has been reported that when char is used as a soil amendment, it boosts soil fertility and 
improve the quality of soil by raising soil power of hydrogen, increasing moisture holding 
capacity, attracting more beneficial fungi and microbes ,improving cation exchange capacity 
(CEC) and retaining nutrients in soil [Zheng et al., 2010]. Char from biomass gasification 
plays a catalytic role in tar removal. This is made possible by metals that are used as catalysts 
(Iron, Copper) in char [Klinghoffer et al., 2011]. 
 
Char can also be used in filtering gasification waste water before it is released to the 
environment [Tripathi et al., 2013]. Char is used in chemical industries for manufacturing of 
carbon disulphide, sodium cyanide and carbides. In tyre industries it is used as additive in 
rubber tyres. The activated carbon from charcoal is used in dechlorination, solvent recovery 
and gas purification. Using char to manufacture carbon nanoparticle materials will add value 
to the by-product [Yan et al., 2014]. 
 
2.6.1.2   CHAR ELEMENTS AND THEIR ENVIRONMENTAL IMPACTS 
 
i. Potassium 
 
Potassium with symbol K is an alkaline metal (Group 1) element. It is found within the char 
resulting from the biomass gasification process. When highly inhaled it can lead to build up 
of fluids within the lungs which can consequently result in death. The higher levels of 
potassium in blood can cause fatigue or weakness and vomiting [Wint, 2012]. 
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ii.    Iron    
 
Iron is a transition metal with a chemical symbol Fe. Chronic inhalation of huge 
concentrations of iron-oxide from fumes or dust may result in the development of benign 
pneumoconiosis called siderosis [Lenntech, 2014]. 
 
iii.        Manganese 
 
Manganese with symbol Mn falls under the category of transition metals. Inhalation of its 
fumes in large quantities leads to diseases that may result in permanent disability since it 
targets the central nervous system of the human body [CDC, 2014 and Santamaria, 2008]. 
 
iv.    Copper 
 
Copper is a transition metal symbolised by Cu. Exposure to fumes, mists or dusts containing 
large amounts of copper  can result in metal fever with atrophic changes in the nasal mucous 
membrane. Its long-term exposure results in irritation of mouth, eyes, and may also cause 
headaches dizziness and vomiting [DTMSRP, 2010 and Materion, 2014]. 
 
v.    Phosphorus 
 
Phosphorus is a chemical element that exists commonly in the environment as phosphates 
because it reacts fairly quickly with oxygen producing toxic fumes of phosphorus oxides 
[CDC, 2013]. Inhalation of excess amount of white phosphorous leads to health 
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complications such as kidney damage and osteoporosis (bones become fragile and likely to 
crack) [Phosphorous, 2003]. 
 
vi.   Magnesium 
 
Magnesium is an alkali earth metal (Group 2) element with Mg symbol. Its high exposure by 
breathing contaminated fumes or dust may cause irritation and metal fume fever which is 
characterised by sore throat, cough, headache and fever. Drinking water with high levels of 
magnesium can lead to diarrhoea and vomiting [Kožíšek, 2003]. 
 
2.6.2   GASIFIER TAR/RESIN 
 
Tertiary tar is the type of tar mostly found in a downdraft gasifier; therefore the study focuses 
largely on it. The PAHs contained in tar can be used to preserve wood, conduct research, 
produce dyes, plastics and pesticides; some are even used in medicines [Polycyclic Aromatic 
Hydrocarbons, 2013]. The biomass tar can be further applied in furnaces, metallurgy, fire 
brick making, electrodes and can also be applied as a raw material for chemical industries. 
 
In gasification tar is defined as the material in the product stream that is condensable within 
the gasifier and these tars are generally assumed to be largely aromatics [Milne and Evans, 
1998]. Other authors define tar as a name given to collection of higher molecular weight 
hydrocarbons [Dayton et al., 2002] 
 
The gasification condensates consist of tar, water and some other particles. Tar is composed 
of a complex mixture of organic compounds (including aromatic and hetero-aromatic species 
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as well as polycyclic aromatic compounds, PAHs) with high boiling points [Hernández et al., 
2013]. Tar which is produced from a downdraft gasifier system can reach levels of 50 
mg/Nm
3
 to 2 g/Nm
3
 [Surjosatyo et al., 2012]. In downdraft gasifiers, tertiary tars are largely 
produced [Menya, 2012]. Tar is classified in to three categories, which are: 
 
2.6.2.1   PRIMARY TAR  
 
This is the first type of tar coming from the pyrolysis zone of a gasifier system. It is basically 
derived from lignocellulose (cellulose, hemicellulose and lignin) of a woody material [Romar 
et al., 2013]. The resultant primary tar is oxygen rich because cellulose and hemicellulose 
contain a lot of oxygen. Examples of primary tar products formed at temperatures of 200ᴼC-
500ᴼC are: alcohols, aldehydes, ketones or carbon acids [Wolfesberger et al., 2009]. 
 
i. Functional groups of primary tar 
Aldehyde (RCHO) 
Ketone (RCOR) 
Alcohol (OH) 
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2.6.2.2   SECONDARY TAR  
 
This type of tar is generally composed of phenolics (phenols) and olefins (alkenes) which are 
produced from the conversion of primary tars. These secondary tar products are produced in 
temperatures ranges of 500-800ᴼC [Menya, 2012]. Conversion of primary tars to secondary 
tars is made possible by the elimination of gaseous particles [Wolfesberger et al., 2009].  
 
i. Structural and chemical composition of secondary tar 
Phenols (C6H5OH) 
 
 
Alkenes (CnH2n) 
 
2.6.2.3   TERTIARY TAR 
 
Tertiary tars are sometimes called recombination or high temperature tars. They can be found 
at temperatures above 800° C. Examples of tertiary tars include benzene, naphthalene, 
phenanthrene, pyrene, and benzopyrene. [Wolfesberger et al., 2009]. Poly-Aromatic 
Hydrocarbons (PAH) are fused aromatic rings without substituents and naphthalene is the 
simplest PAH with only two rings. 
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i. Structural composition of tertiary tar 
                                    
              Pyrene                                         Benzopyrene
Benzene           Naphthalene           Phenanthrene
 
The tar condensation causes huge technical problems in biomass gasifier system and some of 
them include: plugging and fouling problems, polymerisation of tar at high temperatures, the 
need for managing hazardous residual effluents derived from wet cleaning systems, and 
catalyst deactivation due to tar deposition. The added gasifying agents (oxygen or air), in 
combination with steam, help to produce less reactive (not easily destroyable) tars at lower 
levels and increases conversion of primary tars [Srinivas et al., 2013]. 
 
2.6.2.3.1   BENZENE AND ITS ENVIRONMENTAL EFFECT 
 
Benzene is an organic compound with chemical formula C6H6. The presence of oxygen in 
soil and water decomposes benzene. It has a highly toxic effect on aquatic life. Benzene 
exposure can cause short and long term effects. The long term exposure can harm bone 
marrow, whereas the short term exposure can cause vomiting, stomach irritation and 
dizziness [American Cancer Society, 2013]. 
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2.6.2.3.2   NAPHTHALENE AND ITS ENVIRONMENTAL EFFECT 
 
Naphthalene is an organic compound composed of two benzene rings with a chemical 
formula C10H8. Its characteristic odour is detectable at low concentrations around 0.08ppm. It 
is very toxic to aquatic organisms and can result to long-term effects within the aquatic 
environment. It can deplete pulmonary glutathione and dose-dependent bronchiolar epithelial 
cell necrosis [Menya, 2012]. Exposure to naphthalene can result to chromosomal 
translocations [CUMSPH, 2012] 
 
2.6.2.3.3   PHENANTHRENE AND ITS ENVIRONMENTAL EFFECT 
 
Phenanthrene has a chemical formula C14H10 with a chemical structure of three benzene rings 
fused together. Phenanthrene occurs as a greater component of the total PAH compounds in 
the environment [Irwin et al., 1997]. Phenanthrene can be absorbed via inhalation of ambient 
air, food ingestion, drinking water, and skin contact with phenanthrene or other products 
containing phenanthrene. Some of its effects include damage of skin, body fluids and the 
immune system that help the body against diseases [Phenanthrene, 2013]. 
 
2.6.2.3.4   PYRENE AND ITS ENVIRONMENTAL EFFECT 
 
Pyrene is an organic compound composed of four benzene rings with a chemical formula 
C16H10. Pyrene is one of the major pollutants in the environment. In humans, pyrene exposure 
occurs predominantly through the smoking of tobacco, inhalation of polluted air and by 
ingestion of food and water contaminated by combustion effluents [Irwin et al., 1997]. It 
increases weight of the liver and decrease the weight of the kidney [Pyrene, 2013] 
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2.6.2.3.5   BENZOPYRENE AND ITS ENVIRONMENTAL EFFECT 
 
Benzopyrene is a five-ring polycyclic aromatic hydrocarbon (PAH) with chemical formula 
C20H12. Benzopyrene has also been reported to have phototoxic effects with exposure to 
ultraviolet light following benzopyrene exposure. Observed effects of benzopyrene included: 
haemolysis of red blood cells (erythrocytes) in humans. Benzopyrene is not commercially 
produced or used, it simple occurs in the environment universally as the result of incomplete 
combustion of fuels and other organic materials. The inhalation of the PAH mixtures has been 
reported to increase the respiratory irritations to lung cancer risks [Jung et al., 2010 and MFE, 
2014]. 
 
2.6.3   GASIFICATION WASTE WATER 
 
Pure water is composed of hydrogen and oxygen elements only. Water produced from the 
gasification process contains more than two elements. The wastewater generated as a by-
product of biomass gasification is contaminated with inorganic and organic substances. The 
contaminants of this wastewater include dissolved organics, inorganic acids, metals and 
ammonia (NH3). 
 
The excess water content of the biomass leaves the gasifier together with the product gas. 
Hence water is also a component of producer gas, although it is usually cooled and cleaned 
[Menya, 2012]. Recycling of this wastewater can lead to higher contaminant concentrations 
[Milne and Evans, 1998].  
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The water should be treated before it is disposed to natural streams to make its pH neutral and 
to remove suspended solids, total dissolved solids, alkalinity, ammonia, and phenol. Char 
treated water is safer to discard to natural streams [Tripathi et al., 2013].  
 
2.6.4   COMMERCIAL RESIN 
 
Resin is a sticky substance released during the carbonization stage of the biomass gasification 
process. It is formed as condensates during devolatization. Mechcal company uses resin in 
manufacturing of advanced carbon composite fans.The resin is largely showing the 
lignocellulosic characteristics as they are produced from biomass material.  Resin is a tough, 
flexible and resistant to thermal changes. Resin produced must have sufficiently low viscosity 
to allow processing by resin transfer molding [Orozco, 1999]. 
 
2.6.4.1   APPLICATIONS OF COMMERCIAL RESIN  
 
These resins are used in manufacturing of advanced carbon composite fans. They are also 
used in circuit boards. In manufacturing of wind turbine blades, resin is applied as adhesive 
in binding the fibrous material of the turbine blade.  
 
2.6.5   GASIFIER SOOT 
 
During biomass gasification soot is produced as by-product from both the cyclone as well as 
from the pond. The raw gas produced from the gasifier passes through the cyclone, and this is 
where the course carbon particles are removed. The carbon particles that managed to escape 
with the gas will then get removed during gas cleaning through the scrubber water. Scrubber 
49 
 
water circulates back to the pond with these fine particles. The fine particles will then form a 
black layer on top the pond water.  
 
Chemically, soot is mainly composed of carbon although it also contains hydrogen and some 
other elements [Ma, 1996]. Soot emission from combustion system reflects poor conditions 
of combustion and a loss of efficiency [Haynes and Wagner, 1981]. The formation of soot 
implies a number of complex physical and chemical processes that control the conversion of 
gaseous fuel into solid particles that are not well understood [Chen et al., 2011]. Once the 
soot particles are generated they collide with each other creating larger particles. The soot 
particles look spherical and later get a fractal shape [Frenklach, 2002]. Soot can react with 
several gases such as O2, CO2 or H2O and can be gasified; its reactivity to these gases is 
directly related to its structure and composition [Chhiti, 2011]. De Soete,1988 conducted a 
study and used soot as gasification feedstock, it was established that there was an 
insignificant reaction with H2O below 527°C and that the major product obtained at higher 
temperature was CO.  
 
2.6.5.1   APPLICATIONS OF SOOT 
 
This soot can be applied in production of briquettes, cementation granulate and batteries. It is 
also used as active filler in rubber products and is a component of printing paints [Mansurov, 
2005] 
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CHAPTER 3 
 
 RESEARCH METHODOLOGY 
 
3.1 INTRODUCTION 
 
This chapter describes the methods employed to collect the required data for this research. 
Gasification of pine wood was undertaken in the 150 kVA biomass gasifier at Melani village, 
Alice, Eastern Cape, South Africa. The main characteristics of pine wood, its gasification by-
products and blends of the by-products were determined using ultimate and proximate 
analysis. The ultimate analysis included an elemental analysis of the dominating elements 
such as Carbon (C), Oxygen (O2), Nitrogen (N2), Hydrogen (H2), and Sulphur (S). The 
analytical techniques used for this study included: Elemental Analyser (CHNS), Calorimeter, 
FTIR, SEM, and XRD. For each sample measured three times, values were recorded and 
calculated average value was used. The results were presented in two parts i.e. before and 
after blending. The techniques used for sample collection/preparation are also presented in 
this chapter.  
 
3.2   THE BIOMASS GASIFIER 
 
The 150kVA Melani biomass gasifier used for this study is a 300m
3
/h fixed bed downdraft 
gasifier powering a 45KW container bakery. Figure 3.1 shows the gasifier flow diagram and 
photos of the reactor and other components: 
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Figure 3.1(a) Flow diagram of Johansson biomass gasifier  
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Figure 3.1(b) Reactor and other components of Johannson gasifier system 
 
The operating principles of the downdraft gasifier are explained in section 2.5 of chapter 2 in 
this dissertation. 
 
3.3   DATA COLLECTION METHOD 
 
Figure 3.2 shows a flow diagram of the various methods/ instruments employed in data 
collection. 
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Figure 3.2: Flow diagram for material characterization 
 
3.4    SAMPLE COLLECTION/PREPARATION 
 
The pine wood material was collected at Melani village in the Eastern Cape Province of 
South Africa. Pieces of wood collected were then cut into small blocks as required by the 
downdraft gasifier. Wood blocks were dried and used as a feed material in the reactor. The 
feed material contained an average of 18% moisture content. The gasification by-products 
(scrubber carbon fine particles, char, gasifier tar/resin and cyclone carbon fine particles) were 
then collected using 100ml beakers to the laboratory for further analysis. These by-products 
were also blended at 50% ratio and characterized. Pine wood biomass feedstock was used 
because it’s freely available at Melani village from a local sawmill as waste. It also has a low 
ash yield; hence it is good for the gasification process. Commercial resin was supplied by 
MechCal company, they use it in manufacturing of advanced carbon composite fans. Figure 
3.3 presents pinewood at Melani village near the gasifier site. 
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Figure 3.3: Pine wood waste at Melani village near the biomass gasifier site. 
 
3.5   MATERIAL CHARACTERIZATION 
 
To determine the usefulness of a material requires an understanding of its properties and 
composition, and the steps taken to establish their potential use in other areas begins with 
characterization of such material using different analytical techniques to quantify their 
components. The samples used for this study were characterized using, CHNS Analyser, 
Fourier Transform Infrared (FTIR), Scanning Electron Microscope (SEM), X-Ray 
Diffraction (XRD) and Oxygen Calorimeter. These are the most important analytical 
techniques when attempting to predict or describe the application of gasification by-products 
based n their composition and properties. A brief discussion of each instrument used is given 
below. 
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3.5.1   ULTIMATE ANALYSIS 
 
A Perkin Elmer elemental analyser was the type of organic elemental analyser used for the 
simultaneous determination of the amount (%) of Hydrogen, Carbon, Sulphur, Nitrogen and 
Oxygen contained in pine wood and gasification by-products as well as blended by-products. 
Oxygen was then obtained by difference. Helium was used as a carrier gas. Elements 
analysed from the samples were in solid state, although it was also possible to analyse them 
in liquid and gaseous states.The CHNS analyzer had been used by Sugumaran and Seshadri 
when they were evaluating selected biomass for charcoal production in 2009. Figure 3.4 
shows the CHNS analyser. 
 
 
 
Figure 3.4: CHNS analyser 
 
3.5.2   FOURIER TRANSFORM INFRARED (FTIR)  
 
All organic species show specific absorption bands in the (100 to 12500 cm
-1
) spectral region 
originating from vibrational transitions in the molecules and the absorption bands are 
characteristic of the chemical compound [Kalisz et al., 2008]. Because of this, FTIR 
56 
 
spectroscopy was used for the determination of functional groups composing the samples and 
this was helpful in the determination of areas at which they could possible be applied. With 
respect to solid samples, a common technique was to ground the sample and mix it with 
potassium bromide (KBr) powder in order to form samples that were transparent to FTIR 
beam. The mixture of sample and KBr powder was then dried in the oven at 105 °C overnight 
[Yang et al., 2006]. The dried samples were then inserted into the FTIR for characterization. 
 
3.5.3    CALORIFIC VALUE DETERMINATION  
 
An oxygen calorimeter (Eco Cal2K) was used to measure the heating value of the pine wood 
biomass, gasification by-products and blended by-products. The calorimeter was first 
calibrated with a 0.5g of benzoic acid (C7H6O2) before measurements were taken. About 1g 
of each sample was weighed using a watch-glass. The weighed samples were then transferred 
into a crucible in the outer electrode connected to the lid of the vessel. The vessel was then 
pressurized up to 3000kpa using oxygen gas. The vessel was then taken into the calorimeter 
for firing to take place. For each mass of the sample input in the calorimeter, the heating 
value returned was in units of MJ/kg. Figure 3.5 shows the oxygen calorimeter setup. 
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Figure 3.5: Oxygen calorimeter setup 
 
3.5.4    SCANNING ELECTRON MICROSCOPE (SEM)  
 
SEM has been proven to be a good technique for the determination of sample size and 
morphology [Laskin and Cowin, 2001]. The samples analysed under SEM were pine wood, 
gasification by-products as well as blended by-products. Microphotographs of these samples 
were taken at the magnification of X200, X650, X2000 as well as X4000 at 15kV 
accelerating voltage.   
 
Samples were mounted on a stub using a carbon double-sided tape. Following this, they were 
coated with gold-palladium using EIKO IB3 Ion Coater. The samples were then viewed with 
JEOL JSM6390LV Scanning Electron Microscope using the secondary electron detector 
operated at 15kV. Images were captured at different magnifications.  
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3.5.5   X-RAY DIFFRACTION (XRD)  
 
XRD is a powerful technique for characterizing crystalline materials [Nyamukamba, 2011]. 
This technique was used to characterize the crystalline structure of carbon material present in 
the pine wood, gasification by-products and blended by-products. The structural 
determination of wood and grass chars had been performed by [Keiluweit, 2010] using XRD. 
The XRD technique was also employed in the characterization of charcoals by [Tchomgui-
Kamga et al., 2010].  
 
The solid sample was ground into fine powder with mortar and pestle. Bruker XRD D8 
ADVANCE was then used to generate the required data. XRD used in analysis is shown in 
Figure 3.6 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: Bruker XRD D8 ADVANCE  
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CHAPTER 4 
 
RESULTS AND DISCUSSION 
 
4.0 INTRODUCTION 
 
This chapter focuses on the data obtained using methods explained in chapter 3. The results 
are presented and discussed in two parts i.e. before blending and after blending. For 
simplicity reasons, soot collected from the cyclone is referred to as cyclone carbon fine 
particles (CCFP) and soot from scrubber water is referred to as scrubber carbon fine particles 
(SCFP).   
 
4.1 ULTIMATE ANALYSIS FOR PURE MATERIALS 
 
The elemental analysis of the samples analysed in Table 4.1 show higher quantities of carbon, 
oxygen and hydrogen respectively. The higher level of these elements is due to the 
carbohydrate structure which is majorly composed of carbon, hydrogen and oxygen elements. 
The results display the inverse proportion relationship between carbon and oxygen. A 
biomass sample may or may not contain nitrogen or sulphur; hence some of the samples in 
Table 4.1 do not show traces of nitrogen or sulphur. The lower quantities of nitrogen and 
sulphur in the biomass are considered as important for selection of biomass as feed stock for 
bio-oil production [Rout et al., 2009]. 
 
The elemental analysis of pine wood used as a feedstock material in generation of 
gasification by-products was found to be in agreement with the range of results obtained by 
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[Neves et al., 2011].  The elemental analysis of char obtained by CHNS analyser was also in 
agreement with existing literature [Wang et al., 2008].  The higher carbon content in the char 
would ensure an enhancement of the carbon content of the char/resin blends as the resin 
contains lower carbon quantity than char. The strong but light material is ideal for wind 
turbine blades. Table 4.1 presents weight percentage of carbon, hydrogen, oxygen, nitrogen 
and sulphur obtained by CHNS analyser. 
 
Table 4.1: Ultimate analysis of the samples 
Sample C H N S O 
Pine wood 46.1 6.3 0.3 _ 47.3 
Gasifier Tar/resin 76.3 7.4 0.2 _ 14.9 
SCFP 78.9 2.0 0.8 1.1 17.3 
Char 89.4 1.2 _ _ 9.4 
Commercial Resin 77.6 5.1 0.5 _ 18.2 
CCFP 36.2 1.2 0.2 1.4 61.0 
 
 
The chemical elements of interest are the carbon and oxygen contents. The quantity of carbon 
in the resin determines its quality in terms of purity while the oxygen content determines its 
stability. Higher carbon contents are desirable for stable resin. It is clear from Figure 4.1 that 
there is no significant difference between the carbon content of gasifier resin and that of 
commercial resin, with a 0.16% difference. This implies that gasifier resin can be used for 
similar applications to those of commercial resin such as strong materials like propellers etc. 
Figure 4.1 shows the comparison between the elemental analysis of a gasifier tar/ resin and 
commercial resin.  
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Figure 4.1: Elemental analysis of a gasifier tar/ resin and commercial resin. 
 
It can be observed from Figure 4.2 that the carbon content of SCFP is higher (78.9%) than 
that of CCFP (36.2%) with a significant difference of 54%. This was attributed to the fact that 
SCFP were collected from the cooling pond where they settle on the surface after being 
washed from the scrubber. The washing removes other impurities such as the ash resulting in 
the purification of the scrubber carbon fine particles. The CCFP however, were collected at 
the bottom of the cyclone before reaching the water and was assumed to be contaminated 
with impurities like ash. Figure 4.2 shows the comparison between the elemental analysis of 
SCFP and CCFP 
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Figure 4.2 Comparison between the SCFP and CCFP 
 
 
4.1.1 ULTIMATE ANALYSIS FOR BLENDS  
 
From the results presented in Table 4.2, the increased carbon content was observed in both 
mixtures that contain char. The char was significant in the blending as it largely contributed 
to the mixtures by its highest quantity of carbon (89.4%). The CCFP blended products gave 
the lowest carbon content (54%) and this was due to the lower carbon content in the CCFP.  
 
After blending char with the gasifier resin and commercial resin, the nitrogen was detected, 
this was due to the contribution of gasifier resin and commercial resin used in blending. 
SCFP and CCFP increased the sulphur content of the blends when they were mixed with 
gasifier resin which previously did not show any traces of sulphur. It was further observed 
that after blending commercial resin and SCFP, the sulphur element appeared and this was 
due to SCFP. Sulphur was not detected in commercial resin-char, commercial resin-CCFP and 
gasifier resin-char blends; this was probably because sulphur level was too low to be detected 
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or was totally absent in the blends. Char blends contained the highest carbon when compared 
to CCFP and SCFP blends. Table 4.2 presents ultimate analysis of the 50%-50% blends  
 
 
Table 4.2: Ultimate analysis of the 50%-50% blends 
Sample C H N S O 
Commercial Resin-
CCFP 
75.0 5.3 0.4 _ 19.3 
Commercial Resin- 
SCFP 
82.3 3.0 0.7 1.3 12.7 
Commercial Resin-    
Char 
82.7 3.6 0.3 _ 13.4 
Gasifier  Resin-CCFP 54.0 3.1 0.2 1.0 41.7 
Gasifier Resin - SCFP 81.6 4.2 0.4 1.3 12.4 
Gasifier Resin - Char 89.4 3.1 0.2 _ 7.3 
 
 
4.2   SURFACE STRUCTURAL ANALYSIS FOR PURE MATERIALS 
 
The surface structure of the pure and blended by-products was studied by JEOL JSM6390LV 
Scanning Electron Microscope. The essence of this analysis was to understand the structural 
properties of the samples and how these change with blending so as to lead in the prediction 
of their potential application in other process steps. The letters A, B, C and D represent 
resolutions at  X200, X650, X1,400 and X4,000 consecutively.  
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The SEM image in Figure 4.3 shows a tracheid morphology of a pinewood sample. The slit-
like pores are an indication of the carbon rings contained in the lignocellulose structure of the 
sample. The porosity is caused by fibres that make up the woody material. Figure 4.3 presents 
the images of Pinewood collected from SEM  
 
 
Figure 4.3: SEM images of pinewood 
 
The SEM microphotograph of the commercial resin in Figure 4.4 shows a shiny image in this 
case is associated with stickiness of the resin. This sticky appearance is obviously 
advantageous for binding with other samples to produce a tightly bonded material. Resin is 
tough, flexible and viscous, hence it can be used as an adhesive and adhesives are majorly 
composed organic polymers which contain large quantities of carbon. Therefore, these resins 
have a potential for application in polymers due to high carbon component. Figure 4.4 
presents SEM images of a commercial resin.   
 
65 
 
 
Figure 4.4: SEM image of a commercial resin 
 
The SEM microphotographs of char in Figure 4.5 have shown the tracheid structure as 
expected.  With reference to existing literature, pine wood biomass contains very low ash 
content [Amutio et al., 2012]. The obtained images confirmed the amorphous and 
heterogeneous structure of the char. The biomass chars are highly disordered carbonaceous 
materials that may have structural defects [Asadullah et al., 2010]. High gasification 
temperatures become destructive to char; hence the structure appears distorted. The tracheids 
of char makes it more useful in waste water filtration because it can chemically attract and 
trap some impurities. Figure 4.5 presents SEM micrographs of char collected from pine wood 
gasification. 
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Figure 4.5: SEM micrographs of char collected from pine wood gasification 
 
The SEM micrographs presented in Figure 4.6 are arranged in ascending order of 
magnification, from X200 to X4, 000. The SEM structure of the cyclone carbon fine particles 
resembles the char structural image as it is mainly composed of similar elements but different 
quantities as those of char material. The cyclone carbon fine particle is just a finer carbon 
resulting from char production. Therefore, in the absence of contaminants they are expected 
to have the same quality. The lower carbon content in CCFP increases the need to blend with 
other materials so as to improve the elemental quantities of the material. It further shows the 
different pieces which may contribute to the variety of elements that are present in the 
sample. Figure 4.6 presents the SEM micrographs of cyclone carbon fine particles (CCFP)  
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Figure 4.6: SEM micrographs of cyclone carbon fine particles (CCFP) 
 
 
The SEM micrographs in Figure 4.7 present the SCFP sample taken at different 
magnifications and points. This was to show that the morphology of the SCFP under study 
was not homogenous throughout the sample. The SEM microphotograph of the material 
collected from the pond shows an image of a tightly bonded material. This is due to the fact 
that the material is made of tiny particles and secondly the water molecules act as binder of 
these micro-particles. SCFP finds wide application in the manufacturing of plastics due to 
huge components of carbon and oxygen elements consecutively. Figure 4.7 presents SEM 
micrographs of scrubber carbon fine particles (SCFP) collected in the cooling pond 
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Figure 4.7: SEM micrographs of scrubber carbon fine particles (SCFP) 
 
The images of the gasifier resin show some tightly packed surface area. The quantity of 
carbon content would ensure its strength. This implies that it could find a wide application as 
an adhesive due to its carbon content.The shiny appearance in this case is associated 
stickiness of the tar/ gasifier resin The sticky gasifier resin is further applied in the handles of 
baseball bats to prevent the bat from slipping during hard swings [Pine Tar, 2009]. Figure 4.8 
presents SEM images of gasifier resin.  
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Figure 4.8: SEM images of gasifier resin 
 
 
4.2.1   SURFACE STRUCTURAL ANALYSIS FOR BLENDS   
 
Figure 4.9 presents images of the mixture of commercial resin and char. The two samples in 
the mixture are tightly bonded because of the tracheid structure of char and high viscosity of 
commercial resin.The higher number of bonding sites in char were also advantageous in 
bonding to commercial resin. The blending of the two materials resulted to higher carbon 
content of 82.7% as presented in Table 4.2. This increament was due to char that had a higher 
carbon content of 89.4%, this is displayed in Table 4.1 of this chapter. Figure 4.9 presents 
SEM microphotographs of 50% commercial resin-50% Char 
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Figure 4.9: SEM microphotographs for 50% commercial resin -50% Char 
 
Figure 4.10 presents the scattered micro carbon particles that were bound by the commercial 
resin. The high viscosity of the commercial resin contributed to the interaction between the 
cyclone carbon fine particles and the commercial resin. The interaction between the two 
materials i.e commercial resin and cyclone carbon fine particles led to a well mixed product 
of the two materials. The blending brought a slight decrease in carbon content of the mixture 
(75.0%) as presented in Table 4.2. This decreament was caused by the lower carbon content 
of cyclone carbon fine particles (36.2%), this is shown in Table 4.1. Figure 4.10 presents 
SEM microphotographs for 50% commercial resin - 50% CFP 
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Figure 4.10: SEM microphotographs for 50% commercial resin -50% CCFP 
 
The commercial resin was able to bind the tiny carbon fine particles, this is clearly observed 
in image C and D of Figure 4.11. After the blending of commercial resin and scrubber carbon 
fine articles, a homogenous mixture of the samples was observed as the mixture was made of 
equal amounts. The two different colours in the images represent the samples employed in 
the blending. The carbon content of the mixture enhanced to 82.3% as displayed in Table 4.2 
of this chapter. Figure 4.11 present SEM microphotographs for 50% commercial resin -50% 
SCFP 
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Figure 4.11: SEM microphotographs for 50% commercial resin -50% SCFP 
 
Figure 4.12 shows the images of the mixture of gasifier resin and char. The blending of these 
two materials produced a mixture that has a higher carbon content (89.4%) from 76.3% 
gasifier resin and 89.4% char as presented in Table 2.1. This means the gasifier resin did not 
have much impact on the carbon content as the mixture gave the same value of carbon 
content as that of the char previously seen in Table 4.1. Figure 4.12 presents SEM images for 
50% gasifier resin-50% Char 
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Figure 4.12: SEM images of 50% gasifier resin-50% Char 
 
Figure 4.13 presents SEM images of gasifier resin- scrubber carbon fine particles blended 
product. After blending the two materials, the carbon content of the mixture increased from 
76.3% gasifier resin and 78.9% scrubber carbon fine particles to 81.6%. This blending did not 
show any loss of carbon. The blending has generally improved the elemental quantity of both 
samples participated and this improvement implies that the product will be a stronger 
material. Figure 4.13 presents SEM images for 50% gasifier resin -50% SCFP 
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Figure 4.13: SEM images of 50% gasifier resin -50% SCFP 
 
Figure 4.14 shows the images of cyclone carbon fine particles blended with a gasifier resin. 
The lowered carbon content of the mixture (54%) was caused by the lowest carbon content 
observed in cyclone carbon fine particles. 
 
The homogenous character portrayed by the blends confirms the thorough blending of the 
materials. Blending of the materials allowed the enhancement of some major elements within 
the mixture. Enhancement through elemental exchange resulted to a toughened product, this 
was previously partialy determined by CHNS analysis. The higher carbon content within the 
materials implies that the products could be used in many areas such as polymers. Figure 4.14 
presents SEM images for 50% gasifier resin -50% CCFP 
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Figure 4.14: SEM images of 50% gasifier resin -50% CCFP 
 
 
4.3 DETERMINATION OF FUNCTIONAL GROUPS FOR PURE MATERIALS 
 
The functional groups present in the pure by-products and mixtures were determined to 
establish if the blending of the various by-products could have an impact in the dominant 
chemical bonds. 
 
The pinewood FTIR spectrum has confirmed the expected typical lignocellulosic absorptions. 
The absorptions are not that far from those of the products as will be evident later in this 
section. Lignin and the cellulose OH groups were observed at 3413.54 cm
-1
.  The C=C, C-H, 
C-O functional groups were some of the other absorptions observed at 1626.05 cm
-1
 , 
1399.23 cm
-1
 , 1124.49 cm
-1 
[Sim et al., 2012]. The peak at 2960cm
-1
 was due to 
hydrocarbons, of which CH4 is the most abundant [Fu et al., 2011].  
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The region below 1500 cm
-1
 is the fingerprint portion of the spectra, this is where the 
vabriations of C-O, C-N, C-C occur [McMurry, 2008]. Figure 4.15 presents FTIR spectrum 
of the pinewood sample.        
               
 
Figure 4.15: FTIR spectrum of pinewood sample 
 
It is clear from Figure 4.16- 4.18 that the FTIR spectra of the materials under study exhibit 
almost the same absorption characteristics. This was due to the fact that they all emanated 
from the same parent material (pine wood); hence they all indicate lignocellulose 
characteristics. These three compounds show almost similar hydroxyl (OH) functional groups 
within the range of 3400-3650 cm
-1
; the observations are due to stretching of O-H, related to 
water [Rajarao et al., 2014]. Usually at around 3200 cm
-1
, a hydroxyl group (OH) of cellulose 
and hemicellulose appears, hence there are absorption peaks for all the materials at 3239.04 
cm
-1
, 3232.54 cm
-1
 and 3238.23 cm
-1
 respectively. Water contamination contributed to the 
appearance of the OH functional group.  
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The conjugated aromatic stretch of C=C from the lignin structure appeared at 1621.96 cm
-1
, 
1623.39 cm
-1
 and 1619.96 cm
-1
 for char, SCFP and CCFP respectively, this is in agreement 
with existing literature [Dong et al., 2009]. Since all organic compounds are primarily 
composed of carbon and hydrogen elements, then C-H bending of alkane is evident at 
1400.70 cm
-1
, 1400.59 cm
-1
 and 1400.79 cm
-1
 for char, SCFP and CCFP [Silverstein et al., 
1981]. 
 
After thermochemical breakdown of  pine wood, remains of C-O were observed within the 
range of 1050 cm
-1
 to 1150 cm
-1
, hence for char, SCFP and CCFP there are absorption peaks 
at 1127.63 cm
-1
, 1129.36 cm
-1
 and 1126.21 cm
-1
. At the fingerprint region of the spectra the 
C-O stretch also appeared at the same point as C-C since C-C is normally found within the 
region of 1100 cm
-1
-1300 cm
-1
.  
 
The observed alcohol groups imply that these materials (SCFP, char and CCFP) can be 
employed in pharmaceutical and cosmetic applications such as fragrances. The presence of 
the alkene component implies that these materials can be applied in manufacturing of plastics 
since alkenes are used as starting material in polymer preparation. Figure 4.16-18 presents the 
spectra of Char, SCFP and CCFP obtained from FTIR 
 
78 
 
 
Figure 4.16: FTIR spectrum of Char 
 
Figure 4.17: FTIR spectrum of scrubber carbon fine particles (SCFP) 
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Figure 4.18: FTIR spectrum of cyclone carbon fine particles (CCFP)  
 
The spectrum of the commercial resin shows some major absorption peaks that confirm the 
presence of the lignocellulosic functional groups. The functional groups obtained included 
stretching of OH bonds at 3474.73 cm
-1
, this was due to the moisture content of the sample. 
At the peak of 2927.22cm
-1
, a C-H stretch was observed [El-Hendawy, 2006] since all 
organic compounds contain a carbon to hydrogen skeleton as the fundamental elements, the 
cracking of methoxyl group resulted to formation of methane [Fu et al., 2011]. 
 
Due to aromatic skeletal vibration (C=C) in lignin, a peak arises at 1622.86cm
-1
. Around 
1134.60cm
-1
 there was an appearance of a C-O functional group of the lignocellulose. The 
appearance of the hydroxyl functional group (OH) implies the presence of alcohol (methanol) 
which is normally used in wastewater denitrification. This material can also be used in 
manufacturing of polymers such as polystyrene because of the unsaturated chemical 
compound containing at least one carbon to carbon double bond (C=C). Figure 4.19 presents 
FTIR spectrum of commercial resin  
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Figure 4.19: Commercial resin FTIR spectrum 
 
The observed peak at 3448.29 cm
-1
 in Figure 4.20 is contributed by the presence of the OH 
group that is due to water. The C=C due to aromatic ring was observed in the region of 
1509.97 cm
-1
. The carbonyl functional group was observed at 1634.32 cm
-1
. The strong C-O 
stretch was confirmed at 1124.12 cm
-1
. Alcohol group represented by OH implies that the 
gasifier resin can be used in the production of medicines such as cough mixtures. The 
carbonyl compounds such as aldehydes and ketones allow gasifier resin to be applied as 
precursors for many drugs, vitamins as well as fragrances. The alkenes (C=C) are normally 
used as the starting material in the production of alcohols and detergents. Figure 4.20 presents 
the FTIR results of a gasifier resin sample 
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Figure 4.20: FTIR spectrum of a gasifier resin sample 
 
4.3.1   DETERMINATION OF FUNCTIONAL GROUPS FOR BLENDS 
 
Figure 4.21 represents the FTIR spectrum of biomass gasifier resin blended with cyclone 
carbon fine particles in equal amounts. The SCFP sample produced a peak at 3550.04 cm
-1
 
which was retained again in the final product at 3798.14 cm
-1
, on the other hand the gasifier 
resin sample was showing none of the peak around this range of 3550.04 cm
-1
 to  3798.14 
cm
-1
. 
 
The spectra of the samples and the product are all showing the presence of the moisture 
around 3413.76 cm
-1
, 3418.84 cm
-1
 and 3448.29cm
-1
 for the product, cyclone carbon fine 
particles as well as the gasifier resin. The OH group from cellulose and hemicellulose 
observed in the product was due to carbon fine particles spectrum as the gasifier resin 
spectrum confirms the absence of this functional group normally found around 3200 cm
-1
. 
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The gasifier resin and cyclone carbon fine particles spectra gave almost the same absorption 
peaks but after they were blended, many peaks were observed. The blending of the gasifier 
resin and cyclone carbon fine particles resulted to exchange of functional groups between the 
two materials. 
 
The blended product of gasifier resin and char is illustrated in Figure 4.22 spectrum. In the 
spectrum of the gasifier resin-char product, it is clearly observed that the two peaks on the 
left hand side of the spectrum (3929.71cm
-1
 and 3737.23cm
-1
) were absent in both samples, 
that is gasifier resin as well as char. The OH group in the product at 3236.14 cm
-1
 was due to 
the char peak previously observed at 3239.04 cm
-1
, at this region gasifier resin did not show 
any kind of absorption. 
 
Figure 4.23 is representing the blended equal quantities of gasifier resin and SCFP to give a 
homogenous product of gasifier resin-SCFP blend. The blend product came up with a peak at 
3925.57 cm
-1
, this peak appeared in none of the two samples before blending. The big peak at 
3414.26 cm
-1
 and 3448.29cm
-1
 for SCFP and gasifier resin, was also evident in the blend 
product at 3413.76 cm
-1
, this was confirming the OH group of the phenol. The peak around 
3200 cm
-1
 was due to SCFP structure while gasifier resin gave no indication of absorbance at 
that region. 
 
Blending the gasifier resin with char, SCFP and CCFP added some of the functional groups 
which were previously not detected in latter samples. This was further proven by the 
introduction of the OH group (around 3200 cm
-1
) peak which was absent in the gasifier resin 
sample. Figure 4.21- 4.23 shows FTIR results for 50% /50% gasifier resin- CCFP, gasifier 
resin- Char and gasifier resin-SCFP blends.   
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Figure 4.21: FTIR spectrum for 50% gasifier resin- 50% CCFP blend 
 
Figure 4.22: FTIR spectrum for 50% gasifier resin- 50% Char blend. 
 
Figure 4.23: FTIR spectrum for 50% gasifier resin- 50% SCFP blend 
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The FTIR spectrum shown in Figure 4.24 illustrates the organic functional groups present in 
blended product of commercial resin and cyclone carbon fine particles (CCFP). The 
commercial resin- cyclone carbon fine particles blended product reveals peak at 3931.61   
cm
-1
, which was not detected in cyclone carbon fine particles, this is due to the commercial 
resin binder which demonstrates a peak at 3856.67cm
-1
. Commercial resin shows a peak at 
2927.22cm
-1
 which does not appear in both the blended product and cyclone carbon fine 
particles spectra. 
 
The FTIR spectra results obtained show mostly the same absorption wavelengths of the 
materials used in blending. The commercial resin-scrubber carbon fine particles blend in 
Figure 4.25 shows the existing functional groups after blending commercial resin with SCFP. 
The lignocellulose functional groups still appear in all blended products since the components 
are mainly lignocellulose in nature.  
 
The commercial resin peak at 3547.73cm
-1
 contributed to the peak observed at 3550.24cm
-1
 
for the blended product as for the SCFP there was no peak around that range. The other 
which was due to blending was the peak at 2342.44cm
-1
, this peak is assumed to be 
contributed by commercial resin which shows a peak at 2342.61cm
-1
 and no peak was 
revealed by SCFP. The blending of commercial resin with SCFP confirms the strengthening 
effect to be largely contributed by the commercial resin as it shows some peaks in the product 
which did not previously appear in the SCFP sample. The functional groups detected 
increased after the blending of commercial resin and scrubber carbon fine particles.  
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The FTIR results spectra of commercial resin-char blended product are illustrated in Figure 
4.26. The two peaks at 3856.67cm
-1
 and 3753.54cm
-1
 in commercial resin combined to form 
one peak of the blended product at 3905.74cm
-1
. The peak of the blended product at 
3905.74cm
-1
 and 2345.97cm
-1
 were due to commercial resin peaks at 3856.97cm
-1
 and 
2342.61cm
-1
 respectively. The char spectrum illustrates none of the latter peaks. 
 
The results confirm the advantage of blending different samples as the products illustrate the 
strengthening by increasing functional groups and keeping the composition of the blended 
samples. Commercial resin is proven to be a good binder because of its ability of not losing 
the chemical composition of the samples it bonds to, this is further demonstrated in all the 
samples it was blended with. This blending produces tough, heat resistant, flexible material 
that can be used as an adhesive in wind turbine blades and other similar applications such as 
propellers of fans. Figure 4.24- 4.26 presents FTIR results for 50% /50% commercial resin- 
CCFP, commercial resin-SCFP blends  and commercial resin- Char  blends. 
 
 
Figure 4.24: FTIR spectrum for 50%commercial resin- 50% CCFP blend 
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Figure 4.25: FTIR spectrum for 50%commercial resin- 50% SCFP blend 
 
Figure 4.26: FTIR spectrum for 50%commercial resin- 50% Char blend 
 
 
4.4   X-RAY DIFFRACTION RESULTS FOR PURE MATERIALS 
 
The structures of the materials were determined using D8 Bruker XRD previously described 
in Chapter 3. The essence of the characterization was to determine the morphology of the by-
products as to predict the bonding when applied in other areas. 
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The pine wood structure from the XRD spectrum in Figure 4.27 confirms the amorphous 
nature because of the peaks observed at 21.3587° and 34.8687°. The material is indicating a 
highly disordered structure of the sample at 2Ɵ= 23° [Fu et al., 2011].  Figure 4.27 Illustrates 
XRD results of pine wood. 
 
Figure 4.27: XRD spectrum of pine wood 
 
From XRD results of commercial resin presented in Figure 4.28, an inference can easily be 
drawn that the commercial resin is amorphous. The range of these obtained results is in 
agreement for a lignocellulose amorphous compound, as amorphous structures are detected 
within the range of 10° to 35°. The band observed at 44° represents traces of ordered graphitic 
carbon [Klinghoffer, 2013]. Figure 4.28: presents XRD spectrum of commercial resin spectrum  
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Figure 4.28: XRD spectrum of commercial resin spectrum  
 
The XRD results presented in Figure 4.29- 4.32 indicate both broad and sharp varying 
intensities. The intensities within the range of 10° to 35° attributes to amorphous carbon 
composed of aromatic rings. The observed peaks for cyclone carbon fine particles (CCFP) 
were at 21.3157°, 26.5482° and 29.1644°. For SCFP, both broad peak at 25.0471° and a 
sharp peak at 26.3981° appeared. The spectrum for char, gave broad peaks at 23.7819° and 
43.2963°, and a sharp peak at 29.3574°.In nature Char is armophous and contains structure of 
compounds that are highly conjugated [Yaghoubi, 2011; Qadeer et al., 1994] The amorphous 
material has a great adsorbent property because of its high specific surface area and contains 
more active sites on the surface which makes it more advantageous for the adsorptive 
property [Tchomgui-Kamga et al., 2010]. This therefore implies that the materials can easily 
form bonds with binders to produce strong materials. Figure 4.29-4.32 presents XRD spectra 
of gasifier resin, cyclone carbon fine particles, scrubber carbon fine particles and char 
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4.4.1   X-RAY DIFFRACTION RESULTS FOR BLENDS 
 
Under XRD, the blended products showed almost similar spectra to those of the pure 
materials presented in Figure 4.29- 4.32. The highly disordered structures were observed at  
23° and 25° [Fu et al., 2011 and Rajarao et al., 2014]. This was due to the fact that the 
samples are composed of the same chemical structures. Since the products are produced from 
the same material, then they are expected to give similar characteristics to those of pure 
materials. All of those blended products show the amorphous nature, as observed in pure 
organic samples. This implies that blending the samples did not change the integrity of the 
samples.  Figure 4.36- 4.38 presents XRD spectra for 50%/ 50% gasifier resin- char, gasifier 
resin – SCFP and gasifier resin – CCFP mixtures. Figure 4.33- 4.35 shows XRD spectra for 
50% / 50% commercial resin- char, commercial resin-SCFP, commercial resin- CCFP blends 
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4.5   CALORIFIC VALUES FOR PURE MATERIALS 
 
The calorific values of the materials were determined using a CAL 2K oxygen calorimeter 
described in Chapter 3. This was to investigate the energy content of the samples. 
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The calorific value of pinewood was in agreement with those values found in literature [Naik 
et al., 2010 and Ravindran, 2011]. The calorific values of the gasification by-products studied 
was found to be between 21.75MJ/Kg (lowest) and 35.37MJ/Kg (highest). The calorific value 
of wood is generally lower than that of char. The high calorific value of char, which is 
comparable with good quality coal is due to low ash yields from partially combusted pine 
wood material. This therefore implies that high ash yields decrease the calorific value of char 
and inversely low ash yields increase char calorific value. The formation of the char is largely 
contributed by lignin, while cellulose contributes to formation of volatile matter [López et al., 
2013]. The volatile matter is removed during gasification leaving the lignin behind, which 
then results in high calorific value of the char. The calorific value of any material in 
thermochemical process is hugely affected by moisture content, volatile matter as well as its 
ash content. A 1% increase in carbon concentration will elevate the calorific value by 
approximately 0.39MJ/Kg [López et al., 2013]. The moisture content of the pine wood 
material used in gasification is revealed by the calorific values, as they confirm the dryness of 
the feedstock.  
 
The downdraft gasifier used for this study works well with feedstock with moisture content 
below 20% but it has a tolerance of up to 25% moisture in the feedstock. Generally the gas 
calorific value decreases with an increase in moisture content in feedstock. The moisture in 
the feedstock also condenses against the walls of the condensates trap and it gets drained out 
with the gasifier resin thereby providing a transparent medium for the gasifier resin to the 
condensate tank. In the absence of the water, the viscosity of the resin could make it difficult 
for the resin to be drained out. The resin later settles at the bottom of the condensate container 
with water on top. This makes the separation of the two easy. Table 4.3 presents tabulated 
calorific values for various samples used in the experiment. 
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Table 4.3: Calorific values of various samples used in the experiment 
Sample type Calorific Values (MJ/Kg) 
Trial 1 Trial 2 Trial 3 Mean Standard 
Deviation 
Pine wood 20.05 19.35 18.85 19.42 0.43 
Char 35.30 36.05 34.75 35.37 0.46 
CCFP 21.90 21.30 22.05 21.75 0.24 
SCFP 25.54 24.80 25.20 25.18 0.26 
Commercial 
resin 
31.80 33.15 33.08 32.68 0.54 
Gasifier resin 28.37 28.19 29.12 28.56 0.35 
  
 
4.5.1   CALORIFIC VALUES FOR BLENDS 
 
According to the results presented in Table 4.4, it is observed that the samples blended with 
commercial resin have higher calorific values as compared to those blended with gasifier 
resin. The blends of cyclone carbon fine particles have decreased calorific values; this was 
due to the value of cyclone carbon fine particle as previously observed in Table 4.3 of chapter 
4. The blending of the materials brought an increase in caloric values of the blended products. 
The caloric values of commercial resin blends imply that the gasifier resin can replace the 
commercial resin material as there is a small difference in their blends. These materials can 
also be re-gasified for the production of syngas. Table 4.4  presents calorific values of various 
samples blended at one ratio 
95 
 
Table 4.4: Calorific values of various samples blended at one ratio 
Sample type                               Calorific Values (MJ/Kg) 
Trial 1 Trial 2 Trial 3 Mean Standard 
Deviation 
50%Gasifier Resin-
50%Char 
31.63 31.77 31.48 31.63 0.33 
50%Commercial 
Resin-50%SCFP 
33.82 34.25 33.95 34.01 0.25 
50%Commercial 
Resin -50%Char 
34.75 34.86 34.63 34.75 0.12 
50%Commercial 
Resin-50%CCFP 
25.10 24.89 25.18 25.06 0.11 
50% Gasifier Resin -
50%SCFP 
32.16 34.78 33.34 33.47 0.93 
50% Gasifier Resin -
50%CCFP 
26.84 27.18 27.48 27.17 0.23 
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CHAPTER 5 
 
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
 
5.1    SUMMARY OF FINDINGS 
 
The preference of biomass gasification technologies over fossil fuel technologies has 
increased over the years. This type of renewable energy technology is highly recommended 
as it provides a lot of advantages to the environment when compared to fossil fuel 
technology. These technologies are mainly employed for production of chemicals as well as 
power generation. The micro traces of tar in the producer gas make the downdraft biomass 
gasifier to be more preferable for the process of gasification.  
 
This research looked at the investigation into the characteristics of biomass gasification by-
products from a downdraft gasifier system. This was done because there is currently less 
information published on the by-products produced from the downdraft gasifier system. 
There is also currently no information on blending of the gasifier by-products for production 
of stronger materials. The research found that the by-products such as char, gasifier resin and 
carbon fine particles could be useful in a number of applications including wastewater 
filtration, adhesives, detergents, and so on. The research also established that the blending of 
the various by-products results in much stronger products that are suitable for various 
applications provided they pass certain tests required for each application. 
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5.2     SUMMARY OF CONTRIBUTIONS 
 
The downdraft biomass gasifier system installed at Melani village provides gas to run the 
engine that produces electricity to the community bakery. However, the gas production 
simultaneously generates the by-products. These by-products have not been well studied; 
hence the need to do further study towards them was necessary. The major contribution of the 
study was to add knowledge on the biomass gasifier by-products through characterization and 
an investigation into their possible applications. The study has successfully characterized the 
by-products and identified areas in which they could be employed. This has resulted in 
addition of value to the by-products that were largely regarded as waste materials that were 
difficult to handle. 
 
5.3    CONCLUSIONS 
 
The elemental analysis of the char blended with gasifier resin and commercial resin was 
much more preferable as the mixture resulted in higher carbon content of the blends. When 
scrubber carbon fine particles and cyclone carbon fine particles blends were compared to 
those of char, the char blends were found to contain higher carbon content. It was also found 
that the increase in carbon content results in lower oxygen content of the blends. 
 
The FTIR results confirmed lignocellulose structures for all the analysed samples. The 
investigation established C-O, C=C, C-H, O-H as the major functional groups present in the 
samples. After XRD confirmation, it was concluded that all the samples contained amorphous 
carbon. In addition, there were no traces of graphite observed in the samples.  
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The blends showed tightly bonded materials. The bonding resulted in the elemental exchange 
which gave strengthened products; this was confirmed by SEM. The blending of the materials 
was significant as it increased the elemental composition within the blends, this hugely 
contributed to the strength of the products. 
 
The research successfully investigated the characteristics of biomass gasification by-products 
together with some of their applications in different areas. The study of these by-products and 
their utilization guarantees a technology free of waste as waste produced will be used for 
other applications. This will reduce the amount of hazardous materials discharged to the 
environment.  
 
5.4    RECOMMENDATIONS FOR FUTURE RESEARCH 
 
The study has successfully investigated the chemical and structural characteristics of the 
biomass gasifier by-products. It has further established the possible applications of the by-
products in other areas. Provided that they meet certain criteria, these materials have a 
potential to be used for such applications as plastics, adhesives etc. However the research did 
not conduct any application of the by-products in the recommended areas. Therefore, there is 
a need for a study or studies focused on the application of the by-products in the 
recommended areas and beyond. These studies would include, amongst other things, the 
processes and processing involved up to the final products and the study of the products. 
 
 
 
 
99 
 
REFERENCES 
 
Ahrenfeldt Jesper, Thomsen Tobias P., Henriksen Ulrik, Clausen Lasse R., (2011), Biomass 
gasification cogeneration, 2nd European Conference on Polygeneration – 30th March-1st 
April, Tarragona, Spain 
 
Alonso David Martin, Bond Jesse Q. and Dumesi James A., (2010), Catalytic conversion of 
biomass to biofuels, Green Chem 12, page 1493–1513  
 
Amaral Simone Simões, João Andrade de Carvalho Junior, Costa Maria Angélica Martins, 
Neto Turíbio Gomes Soares, Dellani Rafael, Leite Luiz Henrique Scavacini, (2014),  
Comparative study for hardwood and softwood forest biomass: Chemical characterization, 
combustion phases and gas and particulate matter emissions, Bioresource Technology 164, 
page 55–63 
 
American Cancer Society (ACS), (2013), Benzene;  
http://www.cancer.org/cancer/cancercauses/othercarcinogens/intheworkplace/benzene  
(accessed May 2014) 
 
Amutio M, Lopez G, Artetxe M, Elordi G, Olazar M, Bilbao J, (2012), Influence of 
temperature on biomass pyrolysis in a conical spouted bed reactor, Resources, Conservation 
and Recycling 59, page23– 31 
 
 
100 
 
Anderson Nathaniel, Jones J. Greg, Page-Dumroese Deborah, McCollum Daniel, Baker 
Stephen, Loeffler Daniel, and Chung Woodam, (2013), A Comparison of Producer Gas, 
Biochar, and Activated Carbon from Two Distributed Scale Thermochemical Conversion 
Systems Used to Process Forest Biomass, Energies 6, page 164-18 
 
Asadullah Mohammad, (2014), Barriers of commercial power generation using biomass 
gasification gas: A review, Renewable and Sustainable Energy Reviews 29, Page 201–215 
 
Astner Anton Friedrich, MSc Thesis, (December 2012), Lignin Yield Maximization of 
Lignocellulosic Biomass by Taguchi Robust Product Design using Organosolv Fractionation, 
The University of Tennessee, Knoxville 
 
Belgiorno V., De Feo G., Rocca C. Della, Napoli R.M.A., (2003), Energy from gasiﬁcation of 
solid waste, Waste Management 23, page 1–15 
 
Bhattacharya Atmadeep, Das Anirban, Datta Amitava, (2014), Exergy based performance 
analysis of hydrogen production from rice straw using oxygen blown gasification, Energy 69, 
Page 525–533 
 
Bhavanam Anjireddy and Sastry R. C, (December 2011), Biomass Gasification Processes in 
Downdraft Fixed Bed Reactors: A Review, International Journal of Chemical Engineering 
and Applications, Vol. 2, No. 6 
 
Biomass Innovation Centre [Online]; 
http://www.biomassinnovation.ca/biomassandbioenergy.html  (accessed June 2013) 
101 
 
Brar J. S., Singh K., Wang J. and Kumar S., (2012),  Cogasiﬁcation of Coal and Biomass: A 
Review, International Journal of Forestry Research, Article ID 363058, 
doi:10.1155/2012/363058 
 
Brown Jock, M.Eng Thesis, (2006), Biomass Gasification: Fast Internal Circulating Fluidised 
Bed Gasifier Characterisation and Comparison, University of Canterbury 
 
Centers for Disease Control and Prevention (CDC), (2013), White Phosphorous: Systemic 
Agent; http://www.cdc.gov/niosh/ershdb/EmergencyResponseCard_29750025.html (accessed 
May 2014) 
 
Centers for Disease Control and Prevention (CDC), (2014), Welding and Manganese: 
Potential Neurological Effects; http://www.cdc.gov/niosh/topics/welding/ (accessed May 
2014) 
 
Chen Guoyan, Zhang Yanguo, Zhu Jiulong, Cao Yan, and Pan Weiping, (2011), Coal and 
Biomass Partial Gasification and Soot Properties in an Atmospheric Fluidized Bed, Energy 
and Fuels 25, page 1964–1969 
 
Chevanan Nehru, Womaca R. Alvin, Bitra Venkata S.P., Igathinathane C.  , Yang Yuechuan T., 
Miu Petre I. , Sokhansanj Shahab, (2010), Bulk density and compaction behavior of knife 
mill chopped switchgrass, wheat straw, and corn stover, Bioresource Technology 101, page 
207–214 
 
102 
 
CHHITI Y., (2011), PhD thesis, Non catalytic steam gasification of wood bio-oil, Institute 
National Polytechnique de Toulouse.  
 
Chmielniak Tomasz, Sciazko Marek, (2003), Co-gasification of biomass and coal for 
methanol synthesis, Applied Energy 74, page 393–403 
 
Clarke Steve and Preto Fernando, (2011), Biomass Burn Characteristics; 
http://www.omafra.gov.on.ca/english/engineer/facts/11-033.htm (Accessed April 2013) 
 
Columbia University's Mailman School of Public Health (CUMSPH), (2012), "Children 
exposed to the common pollutant naphthalene show signs of chromosomal damage." 
ScienceDaily; www.sciencedaily.com/releases/2012/05/120529113635.htm (accessed May 
2014) 
 
Corella Jose and Sanz Alvaro, (2005), Modeling circulating fluidized bed biomass gasifiers. 
A pseudo-rigorous model for stationary state, Fuel Processing Technology 86, page1021– 
1053 
 
Couto Nuno, Rouboa Abel, Silva Valter, Monteiro Eliseu , Khalid Bouziane, (2013), 
Influence of the Biomass Gasification Processes on the Final Composition of Syngas, Energy 
Procedia 36, Page 596–606 
 
Cruz-Ceballos Diana C., (2013), B.Eng.Sci. Thesis, Production of Bio-Coal and Activated 
Carbon from Biomass, University of Western Ontario London, Ontario, Canada   
 
103 
 
CSIR, (2013), Basic Assessment Report for a Biomass Power Plant proposed by Electrawinds 
near Mkuze, KwaZulu Natal, CSIR Report No. CSIR/CAS/EMS/ER/2012/0015/B   
 
Damm Oliver and Triebel Ralph, (2008), A Synthesis Report on Biomass Energy 
Consumption and Availability in South Africa 
 
Dartmouth Toxic Metals Superfund Research Program (DTMSRP), (2010);                           
http://www.dartmouth.edu/~toxmetal/toxic-metals/more-metals/copper-faq.html (Accessed 
May 2014) 
 
Dayton D, (2002), A Review of the Literature on Catalytic Biomass Tar Destruction, National 
Renewable Energy Laboratory 
 
De Soete G., (1988), Catalysis of soot combustion by metal oxides. In: Western States section 
meeting, Salt Lake City, 21–22March, The Combustion Institute  
 
Department of Environmental Affairs (DEA), (2012).National Waste Information Baseline 
Report.Department of Environmental Affairs, Pretoria, South Africa. 
 
Devi Lopamudra, Ptasinski Krzysztof J. and Janssen FransJ.J.G., (2003), A review of the 
primary measures for tar elimination in biomass gasi cation processes, Biomass and 
Bioenergy 24, page 125–140 
 
Dogru M, Howarth C.R, Akay G, Keskinler B, Malik A.A, (2002), Gasification of hazelnut 
shells in a downdraft gasifier, Energy 27,page 415–427 
104 
 
 
 
Dong S., Alvarez P., Paterson N., Dugwell D. R., and Kandiyoti R., (2009), Study on the 
Effect of Heat Treatment and Gasification on the Carbon Structure of Coal Chars and 
Metallurgical Cokes using Fourier Transform Raman Spectroscopy, Energy & Fuels 23, page 
1651–1661  
 
El-Hendawy Abdel-Nasser A., (2006), Variation in the FTIR spectra of a biomass under 
impregnation, carbonization and oxidation conditions, Journal of Analytical. Applied 
Pyrolysis 75, page 159–166 
 
FitzPatrick Michael Anthony, (May, 2011), MSc Thesis, Characterization and Processing of 
Lignocellulosic Biomass in Ionic Liquids, Queen’s University, Kingston, Ontario, Canada 
 
Frenklach Michael, (2002), Reaction mechanism of soot formation in flames, Phys. Chem. 
Chem. Phys., 4, page 2028–2037 
 
Fu Peng, Yi Weiming, Bai Xueyuan, Li Zhihe , Song Hu , Xiang Jun, (2011), Effect of 
temperature on gas composition and char structural features of pyrolyzed agricultural 
residues, Bioresource Technology 102, page 8211–8219 
 
Ghassemi Hojat and Shahsavan-Markadeh Rasoul, (2014), Effects of various operational 
parameters on biomass gasification process; a modified equilibrium model, Energy 
Conversion and Management 79, Page 18–24 
 
105 
 
Grabber John H, (28 March 2005), How Do Lignin Composition, Structure, and Cross-
Linking Affect Degradability? A Review of Cell Wall Model Studies, Crop Science Society of 
America 45, page 820–831 
 
Gujar Amit C., Baik Jong, Garceau Nathaniel, Muradov Nazim, T-Raissi Ali, (2014),Oxygen-
blown gasification of pine charcoal in a top-lit downdraft moving-hearth gasifier, Fuel 118, 
Page 27–32 
 
Guo Feiqiang, Dong Yuping, Dong Lei, Guo Chenlong, (2014), Effect of design and 
operating parameters on the gasification process of biomass in a downdraft fixed bed: An 
experimental study, International Journal of Hydrogen Energy 39, Page 5625–5633 
 
Habibi Youssef, Lucia Lucian A. and Rojas Orlando J, (2009), Cellulose Nanocrystals: 
Chemistry, Self-Assembly, and Applications 
 
Haynes B.S. and Wagner H. G., (1981), Soot Formation, Progress in Energy and Combustion 
Science 7, page 229 
 
Hejazi Bijan, Grace John R., Bi Xiaotao, Mahecha-Botero Andrés, (2014), Steam gasification 
of biomass coupled with lime-based CO2 capture in a dual fluidized bed reactor: A modeling 
study, Fuel 117, Part B, Page 1256–1266 
 
Held Jörgen, (2012), Gasification, Swedish Gas Centre, Rapport SGC 240 • 1102-7371 • 
ISRN SGC-R-240-SE 
 
106 
 
Hernández J.J, Ballesteros R, Aranda G, (2013), Characterisation of tars from biomass 
gasification: Effect of the operating conditions, Energy 50, page 333-342 
 
Hoogwijk Monique, Faaij Andre´, Bert de Vries, Turkenburga Wim, (2009), Exploration of 
regional and global cost–supply curves of biomass energy from short-rotation crops at 
abandoned cropland and rest land under four IPCC SRES land-use scenarios, Biomass and 
Bioenergy 33, page 26–43 
 
Hosseini Mehdi, Dincer Ibrahim, Rosen Marc A., (2012), Steam and air fed biomass 
gasification: Comparisons based on energy and exergy, International Journal of Hydrogen 
Energy 37, page 16446- 16452 
 
Irwin R.J, VanMouwerik M, Stevens L, Seese M.D, Basham W, (1997), Environmental 
Contaminants Encyclopedia. National Park Service, Water Resources Division, Fort Collins, 
Colorado. Distributed within the Federal Government as an Electronic Document (Projected 
public availability on the internet or NTIS: 1998). 
 
Jared P. Ciferno, John J. Marano, (June 2002), Benchmarking Biomass Gasification 
Technologies for Fuels, Chemicals and Hydrogen Production, U.S. Department of Energy 
National Energy Technology Laboratory 
 
 
 
 
107 
 
Jung Kyung Hwa, Yan Beizhan, Chillrud Steven N., Perera Frederica P., Whyatt Robin, 
Camann David, Kinney Patrick L. and Mille Rachel L., (2010), Assessment of 
Benzo(a)pyrene-equivalent Carcinogenicity and Mutagenicity of Residential Indoor versus 
Outdoor Polycyclic Aromatic Hydrocarbons Exposing Young Children in New York City, Int. 
J. Environ. Res. Public Health 7, page 1889-1900 
 
Kalisz S, Svoboda K, Robak Z, Baxter D, Andersen L.K, (2008), Application of FTIR 
absorption spectroscopy to characterize waste and biofuels for pyrolysis and gasification, 
Archives of Waste Management and Environmental Protection 8, page 51-62  
 
Keiluweit, M., (2010), Dynamic molecular structure of plant biomass-derived black carbon 
(biochar). Lawrence Berkeley National Laboratory. Lawrence Berkeley National Laboratory: 
Lawrence Berkeley National Laboratory. LBNL Paper LBNL-2968E; 
http://escholarship.org/uc/item/177491q3  (accessed May 2014) 
 
Kim Young Doom, Yang Chang Won, Kim Beom Jong, Kim Kwang Su, Lee Jeung Woo, 
Moon Ji Hong, Yang Won, Yu Tae U., Lee Uen Do, (2013), Air-blown gasification of woody 
biomass in a bubbling fluidized bed gasifier, Applied Energy 112, Page 414–420 
 
Klinghoffer Naomi, (2013), Phd Thesis, Utilization of char from biomass gasification in 
catalytic applications, Columbia University 
 
Klinghoffer Naomi, Castaldi J. Marco, Nzihou  Ange, (2011), Beneficial Use of Ash and Char 
From Biomass Gasification, Proceedings of the 19th Annual North American Waste-to-
Energy Conference 
108 
 
Kožíšek František, (2003), Health significance of drinking water calcium and magnesium, 
National Institute of Public Health; 
www.szu.cz/uploads/documents/chzp/voda/pdf/hardness.pdf  (accessed May 2014) 
 
Kumar Ajay, Jones D.D., and Hanna A.M, (2009), Thermochemical Biomass Gasification: A 
Review of the Current Status of the Technology, Energies 2, page 556-581 
 
Laskin Alexander and Cowin  P. James, (2001), Automated Single-Particle SEM/EDX 
Analysis of Submicrometer Particles down to 0.1 ím, Analytical Chemistry 73, No. 5, 
page1023-1029 
 
Lenntech, (2014); http://www.lenntech.com/periodic/elements/fe.htm (accessed February 
2014) 
 
Li X.T., Grace  J.R., Lim C.J., Watkinson A.P., Chen H.P., Kim J.R., (2004), Biomass 
gasification in a circulating fluidized bed, Biomass and Bioenergy 26, Page 171–193 
 
Long A. Henry, III and Wang Ting, (2011), Case Studies for Biomass/Coal Co-gasification in 
IGCC Applications, Energy Conversion & Conservation Center 
 
López  Félix A., Centeno Teresa A., García-Díaz Irene, Alguacil Francisco J., (2013), 
Textural and fuel characteristics of the chars produced by the pyrolysis of waste wood, and 
the properties of activated carbons prepared from them, Journal of Analytical and Applied 
Pyrolysis 104, page 551-558 
 
109 
 
Ma Jinliang, (February 1996), PhD Thesis, Soot Formation During Coal Pyrolysis, Brigham 
Young University 
 
Malatji Pholoso, (2009), MSc Thesis, Processing of Wood and Agricultural Biomass for 
Gasification, University of Stellenbosch, South Africa 
 
Mamphweli N.S., (2009), PhD Thesis, Implementation of a 150 KVA biomass gasifier 
system for community economic empowerment in South Africa, University of Fort Hare, 
Alice, Eastern Cape, South Africa 
 
Mamphweli N.S., and Meyer E.L., (2009(a)), Implementation of the biomass gasification 
project for community empowerment at Melani village, Eastern Cape, South Africa, 
Renewable Energy 34, page 2923- 2927 
 
Mamphweli N.S., and Meyer E.L., (2010), Evaluation of the conversion efficiency of the 
180Nm3/h Johansson Biomass Gasifier ™, International Journal of Energy and Environment 
(IJEE) 1, Issue 1, page113-120   
 
Mansurov Z.A., (2005), Soot Formation in Combustion Processes (Review), Combustion, 
Explosion, and Shock Waves 41, No. 6, page 727–744 
 
 
 
 
 
110 
 
Materion, (2014), MSDS No. A10 – Materion; 
http://www.google.co.za/url?sa=t&rct=j&q=&esrc=s&source=web&cd=6&ved=0CE0QFjAF
&url=http%3A%2F%2Fmaterion.com%2F~%2Fmedia%2FFiles%2FPDFs%2FCorporate%2
FMSDS%2FA10CopperBerylliumWroughtAlloy&ei=49CWU7TLO-
ye7AaspIDgAg&usg=AFQjCNE1b18fR_9A4ciJBt45s4Zpot9ffg&sig2=J06BaIIwuFseX5Vt
QxBxSw&bvm=bv.68445247,d.ZGU&cad=rja (accessed May 2014) 
 
McKendry Peter, (2002), Energy production from biomass (part 1): overview of biomass, 
Bioresource Technology 83, page37–46 
 
McKendry Peter, (2002), Energy production from biomass (part 3): gasification technologies, 
Bioresource Technology 83, page 55–63 
 
McMurry John, (2008), 7th edition, Thomson Learning Academic resource centre, Organic 
Chemistry, pp 425-427 
 
Menya Emmanuel, (2012), MSc Thesis, assessment of pollution levels resulting from 
biomass gasification, KTH School of Industrial Engineering and Management, Stockholm 
 
Midilli Adnan, Dogru Murat, Howarth Colin R., Ayhan Teoman, (2001), Hydrogen 
production from hazelnut shell by applying air-blown downdraft gasification technique, 
International Journal of Hydrogen Energy 26, page 29-37 
 
Milne T.A and Evans R.J, (1998), Biomass Gasifier “Tars”: Their Nature, Formation, and 
Conversion, National Renewable Energy Laboratory  
111 
 
Ministry For The Environment (MFE), (2014), New Zealand's air quality at a glance; 
http://www.mfe.govt.nz/environmental-reporting/air/air-domain-report-2014/nzairglance.html  
(accessed May 2014) 
 
Muzee, (2012), Biomass Gasification, The East African Study, Policy Innovation Systems for 
Clean Energy Security(PISCES); 
http://www.pisces.or.ke/sites/default/files/04398%20PAC%20Biomass%20Gasification%20S
INGLE%20PAGES.pdf  (accessed May 2013)   
 
Naik Satyanarayan , Goud V. Vaibhav, Rout K. Prasant, Jacobson Kathlene, Dalai K Ajay, 
(2010), Characterization of Canadian biomass for alternative renewable biofuel, Renewable 
Energy 35, page 1624–1631 
 
Nemanova  Vera, (2014), Phd Thesis, Biomass gasification in abfb: tar mitigation, KTH 
Royal Institute of Technology, Stockholm, Sweden 
 
Neves Daniel, Thunman Henrik, Matos Arlindo, Tarelho Luís, Gómez-Barea Alberto, (2011),  
Characterization and prediction of biomass pyrolysis products, Progress in Energy and 
Combustion Science 37, page 611-630 
 
Nyamukamba Pardon, (2011), MSc Dissertation, Preparation of photocatalytic TiO2 
nanoparticles immobilized on carbon nanofibres for water purification, University of Fort 
Hare, Eastern Cape, South Africa 
 
112 
 
Orozco Ricardo, (July, 1999), MSc Thesis, Effects of Toughnened Matrix Resins on 
Composite Materials for Wind Turbine Blades, Montana State University-Bozeman, 
Bozeman, Montana 
 
Pedroso Daniel Travieso, Machín Einara Blanco, Silveira Jose Luz, Nemoto Yasuyuki, 
(2013), Experimental study of bottom feed updraft gasifier, Renewable Energy 57, Page 311–
316 
 
Peng B. L., Dhar N., Liu H. L. and Tam K. C., (2011), Chemistry and applications of 
nanocrystalline cellulose and its derivatives: A nanotechnology perspective, The Canadian 
Journal of Chemical Engineering 89 (5): page 1191–1206. 
 
Phenanthrene, Phenanthrene Fact Sheet-US Environmental Protection Agency [Online], CAS 
Number:85-01-8;www.epa.gov/osw/hazard/wastemin/minimize/factshts/phenanth.pdf 
(accessed June 2013). 
 
Phosphorus, (2003), Alaska Top Hazardous Air Pollutants; 
http://www.google.co.za/url?sa=t&rct=j&q=&esrc=s&source=web&cd=10&ved=0CHAQFj
AJ&url=http%3A%2F%2Fdec.alaska.gov%2Fair%2Fanpms%2Ftoxics%2Fnoncarc%2Fphos
phorus7.pdf&ei=s9eWU7i6AebD7AaSrYD4AQ&usg=AFQjCNEnAblT5myXI9j4sXgFjcSuJ
Wn4vA&sig2=cSI2ERiyitT9myqPNsNv1g&bvm=bv.68445247,d.ZGU (accessed May 2014) 
 
Pine Tar, (July 2009), Wikipedia; http://en.wikipedia.org/wiki/Pine_tar (Accessed June 2014) 
 
 
113 
 
Polycyclic Aromatic Hydrocarbons (PAH), PAHs- US Environmental Protection Agency 
[Online], January 2008; www.epa.gov/osw/hazard/wastemin/minimize/factshts/pahs.pdf, 
(accessed June 2013) 
 
Prokkola Hanna,Kuokkanen Matti, Kuokkanen Toivo, and Lassi Ulla, (2014), Chemical 
Study of Wood Chip Drying: Biodegration of Organic Pollutants in Condensate Waters from 
the Drying Process, BioResources 9, page 3761- 3778  
 
Puettmann E. Maureen and Lippke Bruce, (2012), Woody Biomass Substitution for Thermal 
Energy at Softwood Lumber Mills in the US Inland Northwest, Forest Products Journal 62, 
No. 4, page 273–279.  
 
Pyrene, Pyrene Fact Sheet-US Environmental Protection Agency [Online], CAS Number: 
129-00-0; http://www.epa.gov/osw/hazard/wastemin/minimize/factshts/pyrene.pdf, (accessed 
June 2013). 
 
Qadeer, R., Hanif, J., Saleem, M.A. and Afzal, M., (1994), Characterization of activated 
charcoal, Journal of the Chemical Society of Pakistan, 16, page 229-235 
 
Rajarao Ravindra, Mansuri Irshad, Dhunna Renu, Khanna Rita, Sahajwalla Veena, (2014), 
Characterisation of gas evolution and char structural change during pyrolysis of waste CDs, 
Journal of Analytical and Applied Pyrolysis 105, page 14–22 
 
Rajvanshi Anil K., (1983), Chapter 4, Alternative Energy in Agriculture, Vol. II, Ed. D. Yogi 
Goswami, CRC Press, 1986, page 83-102 
114 
 
 
Ravindran Harideepan, (2011), MSc Thesis, Production of High pH Value Bio-oil from 
Woody Biomass and Poultry Litter, Auburn University, Auburn, Alabama  
 
Reed B.T. and Das A., (1988), Handbook of Biomass Downdraft Gasifier Engine Systems, 
U.S. Department of Energy Solar Technical Information Program, SERIISP-271-3022, UC 
Category.' 245 
 
Romar Henrik, Tynjälä, Lassi Ulla, (2013), Biomass Gasification in an Air-Blown Down-
Draft Gasifier: Determination of Tar Compounds From Producer Gas, Bio-resources 8, No.3, 
page 3620-3629 
 
Rout P. K., Naik  M. K., Naik  S. N., Goud V. Vaibhav, Das L. M.  and Dalai K. Ajayi K., 
(2009), Supercritical CO2 Fractionation of Bio-oil Produced from Mixed Biomass of Wheat 
and Wood Sawdust, Energy Fuels 23, page 6181–6188 
 
Ruiz J.A, Juárez M.C, Morales M.P, Muňoz P, Mendívil M.A, (2013), Biomass Gasification 
for electricity generation:  Review of current technology barriers, Renewable and Sustainable 
Energy Reviews 18, page 174–183    
 
Sadaka, S. S., Ghaly A. E. and Sabbah M. A., (2002), Two phase biomass air-steam 
gasification model for fluidized bed reactor: Part I, II, III. Biomass and Bioenergy 22, page 
439-487 
 
115 
 
Salam P. Abdul, Kumar S. and Siriwardhana Manjula, (October 2010), The Status of Biomass 
Gasification, Energy Environment Partnership (EEP), Mekong Region 
 
Santamaria A.B., (2008), Manganese exposure, essentiality & toxicity, Indian J Med Res 128, 
page 484-500 
 
Sheng Changdong and Azevedo J.L.T., (2005), Estimating the higher heating value of 
biomass fuels from basic analysis data, Biomass and Bioenergy 28, page 499- 507 
 
Shrivastava Vinay, (2012), M.Tech, Design and development of downdraft gasifier for 
operating CI engine on dual fuel mode, National Institute of Technology, Rourkela  
 
Siedlecki Marcin, Wiebren de Jong and Verkooijen Adrian H.M., (2011),  Fluidized Bed 
Gasiﬁcation as a Mature And Reliable Technology for the Production of Bio-Syngas and 
Applied in the Production of Liquid Transportation Fuels—A Review, Energies 4, 389-434 
 
Silverstein R.M., Bassler G.C., and Morrill T.C., (1981), Spectrometric Identification of 
Organic Compounds, 4th ed. New York: John Wiley and Sons, QD272.S6 S55 
 
Sim Siong Fong, Mohamed Murtedza, Lu Nurul Aida Lu Mohd Irwan, Sarman P. Noor 
Safitri, Samsudin Siti Nor Sihariddh, (2012), Computer-Assisted Analysis of Fourier 
Transform Infrared (FTIR) Spectra For Characterization Of Various Treated And Untreated 
Agriculture Biomass, BioResources 7, page 5367-5380 
 
116 
 
Singh Christus Jeya V., Sekhar S. Joseph and Thyagarajan K., (2014), Performance Studies 
on Downdraft Gasifier with Biomass Energy Sources Available in Remote Villages, American 
Journal of Applied Sciences 11, page 611-622 
 
Slapak M.J.P., Van Kasteren J.M.N., Drinkenburg A.A.H., (2000), Design of a process for 
steam gasification of PVC waste, Resources, Conservation and Recycling 30, page 81–93 
 
Song Yao, Wang Yi, Hu Xun, Hu Song, Xiang Jun, Zhang Lei, Zhang Shu, Min Zhenhua, 
Li Chun-Zhu, (2014), Effects of volatile–char interactions on in situ destruction of nascent tar 
during the pyrolysis and gasification of biomass. Part I. Roles of nascent char, Fuel 122, Page 
60–66 
 
Srinivas Seethamraju, Field P. Randall, Herzog J. Howard, (2013), Modelling Tar Handling 
Options in Biomass Gasification, Energy & Fuels 
 
Sugar Milling Research Institute (SMRI), (2011), Sugarcane bagasse, Proc S Afr Sug Technol 
Ass 81, page 266 – 273 
 
Sugumaran P. and Seshadri S., (2009), Evaluation of selected biomass for charcoal 
production, Journal of Scientific and Industrial Research 68, page 719-723 
 
Surjosatyo Adi, Vidian Fajri, (2012), Tar Content Evaluation of Produced Gas in Downdraft 
Biomass Gasifier, Iranica Journal of Energy & Environment 3 No. 3, page 210-212 
 
117 
 
Surjosatyo Adi, Vidian Fajri and Nugroho Yulianto Sulistyo, (December 2010), A Review on 
Gasifier Modification For Tar Reduction in Biomass Gasification, Jurnal Mekanikal 31, page 
62 – 77 
 
Tchomgui-Kamga Eric, Alonzo Ve´ronique, Nanseu-Njiki Charles P., Audebrand Nathalie, 
Ngameni Emmanuel , Darchen Andre´ , (2010), Preparation and characterization of charcoals 
that contain dispersed aluminum oxide as adsorbents for removal of fluoride from drinking 
water, Carbon 48, page 333-343 
 
Tripathi Lata, Dubey Anil Kumar, Gangil Sandip, and Singh P.L, (2013), Waste Water 
Treatment of Biomass based Power Plant, International Journal of ChemTech Research 5, 
No.2, page 761-764 
 
UN-Energy, (2005). The energy challenge for achieving the millennium development goals. 
New York: United Nations.  
 
Vassilev Stanislav V., Baxter David, Andersen Lars K., Vassileva Christina G., (2010) An 
overview of the chemical composition of biomass, Fuel 89, Issue 5, page 913–933 
 
 
Verheijen, F.G.A., Jeffery, S., Bastos, A.C., van der Velde, M., and Diafas, I. (2009), Biochar 
Application to Soils - A Critical Scientific Review of Effects on Soil Properties, Processes 
and Functions. EUR 24099 EN, Office for the Official Publications of the European 
Communities, Luxembourg, 149pp. 
 
118 
 
Wang Lijun, Weller Curtis L., Jones David D. and Hanna Milford A., (2008), Contemporary 
issues in thermal gasification of biomass and its application to electricity and fuel production, 
Biomass and Bioenergy 32, page 573 – 581 
 
Warnecke Ragnar, (2000), Gasification of biomass: comparison of fixed bed and fluidized 
bed gasifier, Biomass and Bioenergy 18, page 489-497   
 
Wiinikka Henrik, Weiland Fredrik,  Pettersson Esbjörn, Öhrman Olov, Carlsson Per, Jesper 
Stjernberg, (2014), Characterisation of submicron particles produced during oxygen blown 
entrained flow gasification of biomass, Combustion and Flame 161, Page 1923–1934 
 
Wint Carmella, (2012), High Potassium; http://www.healthline.com/health/high-potassium-
hyperkalemia#Overview%201  (accessed May 2014) 
 
 
Wolfesberger Ute, Aigner Isabella, Hofbauer  Hermann, (2009), Tar Content and 
Composition in Producer Gas of Fluidized Bed Gasification of Wood-Influence of 
Temperature and Pressure, Environmental Progress & Sustainable Energy 28,  No.3, page 
372-378 
 
Worley M. and Yale J., Biomass Gasification Technology Assessment, (2012), National 
Renewable Energy Laboratory (NREL); http://www.nrel.gov/docs/fy13osti/57085.pdf  
 (accessed May 2014) 
 
119 
 
Wu Chunfei, Wang Zichun, Huang Jun, Williams Paul T., (2013), Pyrolysis/gasification of 
cellulose, hemicellulose and lignin for hydrogen production in the presence of various nickel-
based catalysts, Fuel 106, page 697–706 
 
Yaghoubi Poupak, (2011), Phd Thesis, Development of Biochar-Amended Landfill Cover for 
Landfill Gas Mitigation,  Graduate College of the University of Illinois at Chicago 
 
Yan Qiangu, Toghiani Hossein, Cai Zhiyong, Zhang Jilei, (2014), Formation of Nanocarbon 
Spheres by Thermal Treatment of Woody Char From Fast Pyrolysis Process, Wood and Fiber 
Science 46, page 00-00 
 
Yang Haiping, Yan Rong, Chen Hanping, Lee Dong Ho, Liang David Tee, and Zheng 
Chuguang, (2006), Mechanism of Palm Oil Waste Pyrolysis in a Packed Bed, Energy & 
Fuels 20, page 1321-1328  
 
Zeng Xianyang, Ma Yitai, Ma Lirong, (2007), Utilization of straw in biomass energy in 
China, Renewable and Sustainable Energy Reviews 11, page 976–987 
 
Zhang Linghong, Xu Chunbao (Charles), Champagne Pascale, (2010), Overview of recent 
advances in thermo-chemical conversion of biomass, Energy Conversion and Management 
51, page 969–982 
 
Zheng Wei, Sharma B.K, Rajagopalan Nandakishore, (2010), Using Biochar as a Soil 
Amendment for Sustainable Agriculture, Sustainable Agriculture Grant Program 
 
120 
 
APPENDIX 1 
 
Research output associated with this research 
 
Aviwe Melapi, Mamphweli N. Sampson, Katwire M. David, and Meyer L. Edson, (2014), 
The physical and chemical properties of fine carbon particles - pine wood resin blends and 
their possible utilization, Journal of Chemistry. Article under review Ref. No.: 137580   
 
 
 
